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Nuclear Engineering and the Unit Operations 


This issue of the A.I.Ch.E. Journal is devoted in large 
part to certain papers presented at the Nuclear Engi- 
neering and Science Congress in Cleveland, Ohio, 
from December 12 to 16, 1955. Only a relatively small 
number of the papers presented at Cleveland can be 
given here, but an attempt has been made to include 
most of those which appeared to be of greatest appeal 
to the readers. This is the first issue of the Journal in 
which there has been a concentration on one particular 
and rather limited aspect of chemical engineering. It 
is hoped that it will be successful and that there will 
be many more special issues as the publishing program 
expands. 

Nuclear engineering has come to the fore in recent 
years at a rate far exceeding that at which any other 
branch of engineering has advanced. In view of the 
necessary secrecy attending its development and a 
rather restricted publication policy, this speedy 
progress is all the more remarkable. There are many 
reasons for it, of course, among which are the vast 
financial backing of government, the promise and 
prospect of a new and potentially enormous source of 
energy, and the appeal of its startling novelty. Also, 
the possibility that the standard of living throughout 
the world may be significantly increased has kindled 
special enthusiasm among nuclear scientists and 
engineers. However important such reasons may be, 
this enormous progress of nuclear engineering could 
not have occurred through them alone. The basic 
source of strength behind this wonderful achievement 
is, in the opinion of the editor, the good preparation of 
our engineering profession and the fact that we were 
ready for this development. ' 

When one reads the papers of this issue of the Journal, 
he is compelled to recognize the brilliance of the 
invention of the unit operations. While a few papers 


are devoted to the technology of nuclear engineering, 
the majority of them are simply the application of 
our unit operations—heat transfer, fluid flow, diffusion, 
and the like—to a new problem. It is inconceivable 
that William H. Walker and Arthur D. Little could 
have visualized this whole field of nuclear development 
when the idea of unit operations was born, but what 
greater tribute to their invention can be found? We 
must also acknowledge the contribution of teachers of 
chemical engineering, particularly the earlier ones, 
and the writers of text books who recognized the great 
merits of this idea and who gave it the wide currency 
enjoyed today. The concept of unit operations is still 
the backbone of chemical engineering education, and 
it is a very sturdy one. 

Today nuclear engineering can be advanced and 
brought to a point of extraordinary achievement 
through unit operations. Tomorrow it may be the 
utilization of solar energy, the gasification and lique- 
faction of coal, the direct conversion of fossil fuel to 
electric energy, or the demineralization of sea water 
to which we must apply ourselves. But whatever it is, 
we shall find, as we have here, that the application of 
unit operations to the problem will be enormously 
fruitful. 

We chemical engineers may feel justifiably proud of 
the Nuclear Engineering and Science Congress and of 
the part played there by individuals and by the Ameri- 
can Institute of Chemical Engineers. Most of all, 
however, we should take pride in the profession itself, 
in the educational philosophy which has done so much 
to give substance and vitality to our work, and in the 
demonstrated ability of our professionals to apply 
themselves so successfully to the new and wonderful 


field of nuclear engineering. 
H.B. 


A.1.Ch.E. Journal Page 141 


AIChE-~ 


Page 142 A.1.Ch.E. Journal June, 1956 


| 
= 
To meet the ancreasing need for ;mproved pulse height 
analysis equipment, “TRACERLAB has developed a com- 
pletely new series of snstruments- This versatile \ine of 
Radiation Research Equipment is designed ona puilding e Lae 
plock principle, enabling each customer {oO specify the 
exact snstruments required for his particular purposes 
while at the same time deriving the economies resulting 
from standardization of basic components: * 
These unique snstruments anclude, among others, 
7 single and ultichannel pulse height analyzers: an 
outstanding new jineat amplifier: coincidence and | 
analyzers: alpha, beta and gamma A 
spectrometry detectors: continuous and gtep-wis® 
spectrum scanning equipment: and a five peak analyzer: 
For detailed information, please send for free pooklet- 
cer al 130 High street, Boston 10, Mass: 
i 2030 wright Avenve: Richmond Calif. : 
WASHINGTON new YORK pousTON CHICAGO CLEVELAND * PARIS 
Los ANGELES PHILADELPHIA OTTAWA | | 


Hydraulic Analysis of Sudden Flow Changes 


in a Complex Pumping Circuit 


E. I. du Pont de N 


GEORGE E. ALVES 


s and C 


A problem arose as to what would happen if there were sudden failures of power to one 
or more pumps of a large-scale complex pumping circuit composed of several individual 
pumping systems. This paper describes the application of several published methods of 
hydraulic transient analysis to the problem. The performance of the system computed under 
several assumptions is discussed, and a comparison is made with experimentally de- 


termined values. 


In the design and operation of most 
process pumping systems, consideration 
is given only to the normal steady state 
conditions; that is, based on continuous 
uninterrupted operation, the pump, 
motor, and piping are specified for the 
given process flow rate and _ pressure. 
However, there are a few process pump- 
ing systems in which sudden flow changes 
would cause damage to the pumping 
facilities or adversely affect the process. 
This was the case on a problem involving 
a large-scale, complex pumping circuit. 


The pumping circuit, Figure 1, consists of 
several individual pumping systems in par- 
aliel between a large suction header and a 
large discharge header. Each individual 
pumping system contains a suction line; a 
large double-suction, double-volute, high- 
capacity, high-head centrifugal pump with a 
flywheel, driving motors, and a brake; and 
a discharge line with a valve and a piece of 
process equipment. Two electric motors are 
used to power the pump; one is an a.c. motor 
for normal operation at design speed, and 
the other is a d.c. motor with power sup- 
plied by a motor-generator set for emer- 
gency operation at reduced capacity at one 
third of design speed. In the event of failure 
of a driving motor, the flywheel extends the 
pumping time while the circuit is being shut 
down. 


Use of a tilting-disk check valve in the 
discharge line of each system was con- 
templated to prevent reverse flow in the 
line in case of failure of power to a pump. 
However, a question arose as to what 
might happen if the check valve did not 
operate properly. When power to a pump 
fails, the check valve could “hang up,” 
allowing an appreciable backflow to build 
up, and then close suddenly, causing a 
high-pressure surge which could rupture 
the line. If there is no check valve, a 
considerable backflow could follow such 
a failure, thus producing a further 
decrease in flow through the discharge 
header. Also the high torque on the pump 
could produce reverse rotation of the 
d.c. motor, thereby causing damage, if 
d.c. power is on, to the motor-generator 
set (powered by a Diesel engine). 

To answer such a question, an analysis 
was required. Several published methods 
were applied to determine possible 
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pressure buildup if check valves were 
used and to determine in the absence of 
check valves the flow through the circuit 
and the torque on the pump-motor unit 
as a function of time for various abnormal 
operating conditions. Owing to the lack 
of assurance of the various methods of 
analysis and to the importance of the 
problem, some of the computed values 
were verified by tests. The results of the 
analysis led to the decision not to install 
check valves but to use brakes or non- 
reversing clutches to protect the systems 
from the consequences of running the 
pumps as turbines. 

That the methods of analysis have been 
verified for a large-scale, complex pump- 
ing circuit may be of interest to designers 
faced with the necessity of conducting 
similar hydraulic-transient analyses. This 
paper presents a summary of the methods 
of computation and a comparison of the 
computed and experimental results. 


DISCUSSION 


In the hydraulic analysis of pumping 
systems involving sudden flow changes, 
consideration must be given to the effect 
of slowing down the mass of fluid flowing 
in the line and the effect of the rotating 
parts, such as pump impeller, flywheel, 
and motor rotors. 


pany, Inc., Wilmington, Delaware 


Water Hammer 


When a column of flowing fluid is 
suddenly stopped, a pounding of the line 
is observed. This pounding of the line 
is commonly known as water hammer. As 
the flowing fluid is decelerated, pressure 
waves are set up owing to the inertia of 
the fluid in the line. 

A brief discussion of water-hammer 
theory will be presented here as back- 
ground for the discussions of check-valve 
operation and hydraulic transients. For 
sudden flow stoppage, the pressure rise 
due to the deceleration of a truly incom- 
pressible fluid in a nonexpandable pipe 
would be infinite; that is, all the fluid in 
the line would behave as a “plug” and 
the pressure rise would be that corre- 
sponding to the inertia effects of this plug. 
Experiments in pipe lines, however, have 
shown that there is a finite maximum 
pressure change, because part of the 
kinetic energy of the moving fluid in the 
pipe is expended in stretching the pipe 
walls and compressing the fluid. The 
equation for the maximum pressure rise 
produced by a sudden flow change can be 
derived from Newton’s second law, relat- 
ing force to the rate of change of momen- 
tum. The resulting equation is referred 
to in the literature as the Joukowsky, or 
water-hammer, equation and is given as 


Rox = a(AV)/Q. (1) 


DISCHARGE HEADER 


PROCESS 
EQUIPMENT 


SUCTION HEADER 


Fig. 1. Pumping circuit. 
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The maximum pressure rise given by 
Equation (1) can also be developed if the 
flow is changed within the time it takes 
the pressure wave to travel from the 
point of stoppage to the end of the pipe or 
to the point of total wave reflection and 
return; that is, within one pipe period, 
as given by 

2L 


a 


(3) 


For example, the discharge piping 
between the pump and the piece of 
process equipment and between the piece 
of process equipment and the discharge 
header may be considered: 


a & 3,800 ft./sec. (4) 
h,, 120AV, ft. (5) 
7 = 0.01 sec. (6) 


If the time of flow stoppage is somewhat 
longer than one pipe period, the pressure 
rise will not be so great as that given by 
Equation (1) as part of the direct pressure 
waves will be canceled by the reflected 
pressure waves. The actual pressure rise 
can be determined by use of the Allievi 
equations or charts, which are solutions 
of the wave equations (1, 2, 4, 10). 

The foregoing analysis also applies to 
the pressure reduction for the reflected 
wave or on acceleration of flow. If the 
pressure reduction results in a static 
pressure at any point in the line below 
the vapor pressure of the fluid, the fluid 
in the line will separate or pull apart as 
the pressure wave passes that location. 
The pipe might collapse as the fluid 
separates; or, barring that, it might burst 
as the fluid rejoins, provided there are 


Check Valves 


If a check valve in the discharge line 
from the pump were closed within one 
pipe period or 0.01 sec., the maximum 
pressure rise in the line could be calculated 
from Equation (5): 


hun 120Vo, ft. (7) 


If the check valve were to “hang up” for 

a time, with a resulting backflow through 

the system, and then slam shut, the 

maximum pressure rise in the line would 
e 


Information on closing time of check 
valves (8) indicates that the normal 
closing time of tilting-disk check valves 
would be about 0.5 sec. With this length 
of time the backflow could build up to 
be between 30 and 60% of the normal 
forward flow, as will be evident later on 
in this discussion. 


Pump Performance 


It should be noted that in normal 
operation, conditions in the system will 
be unchanging. However, in the event of 
a power failure, the pump impeller will 
gradually slow down. Then when the 
torque supplied by the inertia of the 
rotating parts is insufficient to pump 
fluid, the flow in the line will reverse 
direction and the pump impeller will keep 
on rotating and slowing down in the 
normal direction of rotation; that is, the 
pump acts as a brake or energy dissipator. 
Finally the pump impeller will reverse 


direction of rotation and the pump will 
operate as a turbine with no load. For'a 
constant head on the pump the flow in 
the reverse direction will increase to a 
maximum and then decrease somewhat 
to a constant value at the point of turbine 
operation with no load. Thus, for the 
study of hydraulic transients or unsteady 
state operation in pumping systems, a 
complete set of pump-performance data, 
commonly referred to as “complete pump 
characteristics,” is required—complete in 
the sense that data on head, capacity, 
speed, and torque are required for the 
pump in normal or pump operation, as an 
energy dissipator, and in turbine-type 
operation. 

A typical manufacturer’s pump-per- 
formance curve for the double-suction, 
double-volute pump is shown in Figure 2. 
However, complete pump characteristics 
were not available from the manufacturer 
for the actual pumps or even from the 
literature for any double-suction, double- 
volute pump. At the time that the com- 
putations were made, complete pump 
characteristics were available for other 
types of centrifugal pumps namely, single- 
suction, single-volute (6, 7),  single- 
suction, double-volute (7), and double- 
suction, single-volute (6, 11). A compari- 
son of these curves indicated that for 
constant capacity and speed, the varia- 
tions in head and torque between the diff- 
erent designs were only about 10 to 20%; 
therefore, as shown in Figure 3, the plot 
of the data for the double-suction, single- 
volute pump presented in reference 11 
was used in the computations. 
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Fig. 2. Typical pump performance curves for 


a double-suction, double-volute pump. 


Page 144 


A.1.Ch.E. Journal 


Fig. 3. Complete pump characteristics for a double-suction, 


single-volute pump. 
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Hydraulic Transients 


Hydraulic transients or unsteady state 
phenomena considered herein include the 
flow through the circuit and, for the 
pumps with sudden power failures, the 
flow through the pump, the speed of the 
pump, and the torque on the pump-motor 
unit. All these transients are considered 
as a function of time for various types of 
power failure. The pump undergoing a 
sudden power failure will be referred to 
as the idle pump. 

There are several methods of computing 
the foregoing information by the applica- 
tion of the various water-hammer equa- 
tions, complete pump characteristics, and 
the equation of motion of a rotating 
system. In addition, there is a method 
which does not take into account the 
water-hammer effects. The several meth- 
ods of computation are described below. 


Water-hammer Effects Neglected 


A simple method neglecting water- 
hammer effects is the graphical integra- 
tion of the equation of motion of a 
rotating system (6). 

The equation of motion of a rotating 
system 


t = —(I/g.)(dw/d8) (9) 


is integrated and then the units are 
changed to those customarily used, to 
give 


6, 
[(r Ino) /(80¢-to) | / 


Nn+1 


(dN) /T 
(10) 


Equation (10) ean be solved by a graph- 
ical integration. First a plot is made of 
(constant)/T' vs. N and then the time is 
determined from the area under the curve. 
The constant is the term in brackets in 


r 
n 


Equation (10). Values of N and T are 
obtained from the complete-pump-charac- 
teristics plot, Figure 3, for an assumed 
flow and computed head, with the nota- 
tion that 


H = (11) 
Q = 4/% (12) 
N = n/n (13) 
T = t/to (14) 


When two or more pumps are in 
operation and power to one pump fails, 
the pressure in the discharge header will 
drop and the flow from the idle pump 
will decrease. After a length of time 
there will be backflow through the idle 
pump. Therefore, in the foregoing com- 
putations the head on the idle pump 
should be corrected for both discharge- 
header pressure reduction and flow 
through the idle pump. Assuming a flow, 
either in the normal direction or in the 
reverse direction, depending upon the 
time, through the idle pump at a given 
speed, one can compute the head on the 
idle pump and then check on the com- 
plete-pump-characteristics plot; the cor- 
rect value of the flow is thus found by 
trial and error. Finally the value of 
torque 7’ on the idle pump is read from 
the complete-pump-characteristics plot 
by use of the foregoing determined values 
of head, flow, and speed. From these 
values and the application of Equation 
(10), the time-vs.-speed curve for the 
idle pump can be obtained; and from the 
values of the flow through the idle pump 
and the flow delivered by the other 
pumps, a plot of flow through the dis- 
charge header vs. time can be made. 

This method was applied to two cases 
of power failure, and the results were 
verified experimentally in order to assure 
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Fig. 4. Graphical integration of the equation of motion of rotating masses. 
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the reliability of the computational pro- 
cedure. 


Case 1. Sudden Failure of One Pump with 
A.C. Power Remaining on the 
Other Pumps 


Principal attention was given to the 
condition in which both a.c. and d.e. 
power would fail simultaneously. Con- 
sideration also had to be given to the 
possibility of a shaft breakage between 
the impeller and the flywheel. For the 
latter condition the reduction in the 
moment of inertia had to be considered. 

On the basis of the method described 
above and the assumption of a constant 
discharge-header pressure at the design 
value, since this would give conservative 
results, values of (arIn)/(30g.tT) were 
plotted against NV, as shown in Figure 4, 
for the condition of simultaneous failure 
of both a.c. and d.c. power. By a graphical 
integration of the area under the curve 
the values of time required to retard the 
impeller of the idle pump to given speeds 
were determined. Figure 5 shows curves 
of the flow through the idle pump and 
the speed of the idle pump as a function 
of time. Note that the flow through the 
idle pump decreases rapidly to zero; then 
the flow reverses direction and gradually 
increases to a maximum corresponding 
to the lowest point in Figure 5; and 
finally the flow decreases to a steady state 
value at the terminal or steady state 
reverse speed of the idle pump. 

A comparison of the computed values 
with the experimental results showed 
good agreement, as indicated in Table 1. 
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Fig. 5. Flow and speed vs. time for the idle 
pump. 
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An interesting note is the surprisingly 
short interval of time that would be 
required for the pump impeller to change 
direction of rotation in case the shaft 
should break between the impeller and 
the flywheel. In a practical case the 
moment of inertia of the impeller might 
well be about 1% of the combined 
moment of inertia of the impeller, fly- 
wheel, and motor rotors. If this were the 
case, the time for the impeller to change 
from design speed in the normal direction 
to about 80% of design speed in the 
reverse direction would be less than 1 sec. 
It can be seen that such a short time 
interval would preclude the possibility 
of experimental verification because of 
the probability of damage to the installa- 
tion. 


Case 2. Sudden A.C. Power Failure on All 
Pumps with Sudden D.C. Power 
Failure on the Majority of the 
Pumps 


The computations were performed for 
sudden d.c. power failure on the majority 
of the pumps. For the retardation from 
100 to 33.5% design speed, the contri- 
bution of the operating d.c. motors was 
neglected. From 33.5% design speed to 
zero the contribution of flow from the 
pumps with d.c. power had to be taken 
into account. The same procedure applied 
to Case 1 was used to compute the times. 

Table 2 presents the results obtained 
both by the computation described above 
and by experiment for d.c. power failure 
on all pumps. Little difference in time 
would be expected for the retardation 
from 100 to 33.5% design speed, since 
comparatively little contribution to the 
torque would be made by the few operat- 
ing d.c. motors. For retardation below 
33.5% design speed the time for the 
computed case would be expected to be 
greater than for the case with d.c. power 
failure on all pumps. 


Allowance for Water-hammer Effects 


This method takes into account the 
raising or lowering of the pressure at the 
pump discharge owing to surges or water 
hammer. 

There are two methods of attacking 
the problem: (a) arithmetic and (6) 
graphical. The arithmetic method is 
tedious and involves a trial-and-error 
procedure. This method is adequately 
described in the literature (10) and will 
not be discussed here. However, the 
graphical counterpart is only briefly 
described in the literature (2, 5, 9, 10, 12), 
and an outline of this method will be 
given. 

Graphical Procedure. The graphical pro- 
cedure is essentially a solution of Equa- 
tion (10), with Equation (1) being in- 
corporated for the change in head on the 
idle pump due to surges or water hammer. 
A coordinate system is prepared of head 
vs. flow in the discharge line (Figure 6). 
Added then are the curve of pump per- 
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TABLE 1. RETARDATION TIMES 
Sudden Failure of One Pump with A.C. Power on Other Pumps 


Power failure, a.c. and d.c. 


Time, sec. 
Broken shaft at 
pump (no flywheel) 


Computed for Computed for 


constant constant 
Flow, Speed, discharge-header discharge-header 
% design % design Experimental pressure pressure* 
Zero flow 
8.7 0.09 
0 64.7 
70.1 11 
Zero speed 
—67.7 0 41.2 0.41 
0 45 
— 66.1 0 (Brake) Experimental 
—55.1 0 (Brake) Computed, allowing for decrease in discharge-header 
pressure 
Zero torque (terminal speed) 
—44.9 —78.2 89.2 0.89 
—36.6 —80.2 120 
*Moment of inertia of the pump impeller assumed as 1 % of the combined moment of inertia of the rotating 
masses, 
N 
ONE PUMP WITHOUT POWER 
OTHER PUMPS WITH A.C. POWER — 
BROKEN PUMP SHAFT ON IDLE PUMP SPEED, % DESIGN 
100 
100 
z s 
TORQUE 
92 
SvSTem 
82.3 ci 
“78.2 <« es 
NQ 79.3 
\ 
V 
-125 -100 -75 -25 so 160 128 190 


VELOCITY OR FLOW. % DESIGN 


Fig. 6. Graphical procedure for hydraulic transients. 


TABLE 2. RETARDATION TIMES 


A.C. Power Failure on All Pumps 


Power failure, d.c., 


and D.C. Power Failure as Indicated 
Time, sec. 
Power failure, d.c., 


Speed, on all pumps, on majority of pumps, 
% design experimental calculated 
100 (initial) 0 0 
33.5 33.5 29.2 
0 390 453 


formance for 100% design speed and the 
curve of the pumping-system friction. A 
surge-characteristic line having a slope 
of (aVo/g.ho) [see Equations (1) and (11) 
and note that the velocity at any time 
is equal to QV>| is drawn downward 
from the intersection of the pump-per- 
formance curve and the system-friction 
curve until it meets the pump-perform- 
ance curve for the speed existing after a 
retardation time of one pipe period. This 
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pump-performance curve for a retarded 
speed is computed from the pump- 
performance curve at 100% of design 
speed and the following pump relations 


(11): 
H = H,(N/N,)° (15) 
Q = Q.(N/N.) (16) 


The speed is determined by application 
of Equation (10) for a small interval of 
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time: 
(T, + Trsi)/2 = to) ] 
= /(On+1 | (17) 


where 


6,41 6, 2L/a (18) 


This involves a trial-and-error solution 
to determine with accuracy the point of 
intersection. However, where the interval 
of time is very small and the moment of 
inertia is large, Equation (17) can be 
approximated to serve as a practical 
check on the other methods and to 
eliminate the trial-and-error solution by 
replacing (7, + 7,4:)/2 with T,. 

The reflected-surge-characteristic line is 
then drawn upward with a slope of 
—aV./g. ho to the system-friction curve. 
The process is repeated until the point 
of zero flow is reached. After this point 
the procedure is the same except that 
the plot of complete pump characteristics 
is used instead of the normal pump- 
performance curve and the pump rela- 
tions. From the plot of complete pump 
characteristics, data are obtained for the 
pump with reverse flow and positive 
speeds. Maximum reverse speed (nega- 
tive speed at zero torque) is approxi- 
mately the negative speed at which the 
surge-characteristic line crosses the zero- 
torque curve when being drawn to the 
system-friction curve or the pump-per- 
formance curve for the next highest 
negative speed. 

After the point of zero flow is reached 
for a system with a very small pipe 
period and a large moment of inertia of 
the rotating elements, there may be a 
large number of pipe periods of time to 
be considered before the point of maxi- 
mum reverse speed (zero torque) is 
reached. An approximation can be made 
for the number of intervals of time from 
zero flow to zero speed and from zero 
speed to maximum reverse speed by use 
of an approximation of Equation (10): 


Tove = to) ] 
(Nn — Nasi)/(On+1 — (19) 


an inspection of the construction shown 
in Figure 6, and tne plot of complete 
pump characteristics, Figure 3. First an 
average head can be obtained by inspec- 
tion of the construction and then, by use 
of this average head and the points of 
zero flow and zero speed, or zero speed 
and estimated maximum reverse speed, 
an average value of the torque is read 
from the plot of complete pump charac- 
teristics. Thus the difference in time is 
obtained from Equation (19) and the 
number of pipe periods obtained by 
dividing this time by the length of time 
of 1 pipe period. 

Figure 6 is the construction for the 
case of a possible sudden shaft failure 
on one pump and a.c. power on the other 
pumps (see case 1). For the idle pump to 
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decelerate from 100% of design speed to 
a speed corresponding to zero flow, a 
time of 14 pipe periods would be required. 
From zero flow to zero speed, the time 
was approximated, because of the large 
number of pipe periods required, as 
follows. Inspection of Figures 3 and 6 
shows that 30% < H < 55%,0%<N< 
55%, and T,,, = 25%; thus from Equa- 
tion (19) A@ = 0.27 sec., or 27 pipe 
periods. From zero speed to maximum 
reverse speed, the same procedure as 
above was applied: 30% < H < 45%, 
—80% < N < 0%, and T,,, = 35%; 
thus A@ = 0.29 sec., or 29 pipe periods. 
A summary of times is as follows: 


Time, 

sec. 

100% Speed to zero flow 0.14 
Zero flow to zero speed 0.27 
100% Speed to zero speed 0.41 
Zero speed to maximum reverse speed 0.29 


100% Speed to maximum reverse 
speed 0.70 


These values compare favorably with 
those given in Table 1. Thus it is indi- 
cated again that the simple graphical 
integration of the equation of motion of 
a rotating system, neglecting water- 
hammer effects, is of sufficient accuracy 
for these problems on unsteady state flow. 

Charts. For the quick estimation of 
various hydraulic transients in pumping 
systems, Parmakian (9) has presented 
charts based upon experience gained on 
large pumping installations of the United 
States Bureau of Reclamation. However, 
it is believed that at those installations 
the system friction was negligible com- 
pared with the pumping head, and there- 
fore for systems with considerable friction 
the charts would indicate times appre- 
ciabiy shorter than those computed by 
the methods previously discussed. 

For the case of a possible shaft failure 
(see case 1), the times obtained from the 
charts are from 15 to 50% of those given 
in Table 1. 


CONCLUSIONS 


1. The graphical integration of the 
equation of motion of a rotating system, 
water-hammer effects neglected, is a 
rapid method of computing hydraulic 
transients in a pumping system. 

2. The periods given by the charts 
prepared by Parmakian were considerably 
shorter than those obtained by computa- 
tion. The charts probably do not apply 
to systems having high friction losses. 

3. The agreement was good between 
the computed and experimental values 
of the hydraulic transients. 

4. This analysis led to the decision not 
to install check valves but to employ 
brakes or nonreversing clutches to protect 
the systems from the consequences of 
running the pumps as turbines. 
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NOTATION 

a = velocity of wave propagation, 
ft./sec. 

b = pipe-wall thickness, ft. 

D = pipe inside diameter, ft. 

E = modulus of elasticity of pipe wall 


material, lb. force/sq. ft. 


g- = conversion factor, 32.2 (lb./lb. 
force) (ft./sec.?) 

H 

h = head, ft. 

I =moment of inertia = WR?, 
Ib.-ft.2 

k = bulk modulus of elasticity of the 


fluid, lb. foree/sq. ft. 

L = length of pipe from the location of 
flow stoppage to the location of 
total wave reflection (used in 
water-hammer computation), ft. 


N =n/nm 

n = rotational speed, rev./min. 

Q =4/% 

q = rate of flow, cu. ft./sec. 

R= radius of gyration, ft. 

T = t/to 

t = torque, lb. force-ft. 

V = velocity, ft./sec. 

AV = change in velocity, ft./sec. 

W = weight of rotating element, lb. 

6 = time, sec. 

p = fluid density, lb./cu. ft. 

tT = 2L/a = pipe period, sec. 

w® = rotational speed, radians/sec. 

Subscripts 

0 = initial steady state or design con- 
dition 

a = normal operation at 100% design 
speed 

avg = average 

b = backflow 

n = any point 

wh = water hammer 
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Flooding Characteristics of a 


Pulse Extraction Column 


An investigation using the hexone-water system was made of flooding in a 1-in.-diam. 
ten-plate pulse column. An analysis of column operation led to the derivation of an equation 
for predicting conditions of inadequate pulsation and for establishing the amount of liquid 


recycled under any operating conditions. 


In recent years liquid-liquid extraction 
has become increasingly important, and 
considerable attention has been given to 
the development of more efficient types 
of extractors. One important way of 
improving extraction efficiency is to pulse 
the fluid contents of sieve-plate and 
packed extraction columns. 

Pulsed sieve-plate extraction columns 
are called pulse columns. The plate per- 
forations in a pulse column are usually 
so small that counterflow of the two 
liquid phases due to density difference 
does not occur. However, application of 
a cyclical pulsation to the column pro- 
vides the additional energy necessary to 
force the liquids through the plates. The 
small plate perforations of a _ pulse 
column provide high fluid velocities and 
small drops and thus create the turbulence 
and transfer area necessary for high 
extraction rates. 

The height of column and the maximum 
allowable column throughput are quan- 
tities required in designing a pulse column 
for a specific extraction operation. Some 
studies have dealt with the extraction 
efficiency, which controls the height of a 
column, but little attention has been 
given to the limiting conditions of flow 
in a pulse column. The limiting conditions 
of flow are identified by flooding—defined 
as the entrainment of light-liquid phase 
with heavy-liquid effluent, or vice versa. 
This latter aspect of column design was 
the principal subject of this investigation. 

The general performance characteristics 
of pulse columns were presented by Sege 
and Woodfield (4), who observed the re- 
Jationship, illustrated in Figure 1, between 
certain types of phase dispersion, pulse 
frequency (at constant amplitude), and 
total column throughput. The various 
regions of pulse-column operation were 
designated as follows: 


A. Flooding region due to insufficient 
pulsing. 

B. Mixer-settler region, characterized 
by separation of phases into clear layers 
between plates during the quiescent 
portions of the pulse cycle. 

C. Emulsion-type region, characterized 


R. B. Edwards is at present with Eastman Kodak 
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by fairly uniform dispersion of the dis- 
continuous phase and little change in 
phase dispersion throughout the pulse 
cycle. 

D. Unstable region, characterized by 
local flooding and irregular dispersion at 
operation near the flooding point. 

E. Flooding region due to excessive 
pulsation. 


Sege and Woodfield stated that at low 
frequencies the capacity of the column is 
equal to the pulsed volume velocity (the 
pulse amplitude-frequency product). Thus 
the flooding curve at low frequencies was 
shown as a straight line through the 
origin. At higher frequencies the flooding 
curve began to deviate from the pulsed- 
volume-velocity line, first passing through 
a maximum and then decreasing. Finally 
a limiting frequency (or amplitude-fre- 
quency product) was reached, above 
which no countercurrent flow through 
the column was possible. Other investi- 
gators (3, 5) also reached the conclusions 
illustrated in Figure 1. 

At a given throughput, flooding of a 
pulse column can be caused by either in- 
adequate or excessive pulsation. De- 
creasing the pulse frequency causes 
flooding when the pulsation becomes 
insufficient to pass the feed streams 
through the column. Increasing the pulse 
frequency causes flooding when the pulsa- 
tion causes emulsification, or the rate of 
countercurrent flow decreases because of 
small drop size. 

These two types of flooding were also 
described in a study by Cohen and 
Beyer (1), who presented a simplified 
analysis of the operating mechanism of a 
pulse column for conditions of inadequate 
pulsation, in which the effect of the flow 
of light-liquid phase to the column was 
considered. Conditions of vigorous pulsing 
were shown to be accompanied by a 
definite amount of recycle, or back mix- 
ing, within the column. Their work 
indicated that the simple relationship 
between total throughput and_ pulsed 
volume velocity indicated in Figure 1 is 
an oversimplification. 

The major purpose c! inis investigation 
was to initiate a systematic study of 
the pulse-column operating variables 
which influence flooding. The operating 
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variables considered were pulse frequency, 
pulse amplitude, light-liquid flow rate, 
and heavy-liquid flow rate. An equation 
is developed for predicting conditions of 
inadequate pulsation. Experimental data 
are presented in support of this equation. 


APPARATUS AND PROCEDURE 


A 1-in.-diam. ten-plate pulse column with 
a 2-in. plate spacing was used. The column 
consisted of stacked glass sections with gas- 
kets and plates inserted between the glass 
sections as shown in Figure 2. Four tie rods 
surrounding the glass sections placed the 
entire assembly in compression. The con- 
tacting section of the column was 18 in. high 
and consisted of nine sections of heavy- 
walled glass tubing, each 1-in. I.D. and 
1% in. high. End sections of the column 
were made from 2-in.-long sections of 3-in. 
I.D. glass tubing fitted to 2-in.-long conical 
glass sections which reduced the diameter of 
the end sections to the diameter of the col- 
umn. A 1-in. length of 1-in. I.D. tubing was 
fitted to the conical section, giving a total 
over-all length of 5 in. for the end section. 
The plates were made from 2-in. squares of 
26-gauge stainless steel sheets perforated 
with 1/32-in.-diam. holes punched on stag- 
gered centers 0.055 in. apart, providing 25% 
free area. The 1/16-in. Teflon gaskets lo- 
cated on each side of each plate were 
punched with a 1-in.-diam. hole to match 
the inside diameter of the glass sections. 

The schematic flow diagram presented in 
Figure 3 illustrates pulse-column assembly 
and operation. The hexone-water system 
was selected for this investigation; no solute 
was used, as flooding, rather than extrac- 
tion, was studied. 

Pulsation of the fluid contents of the col- 
umn was introduced through a chamber 
located at the base of the column. A glass 
check valve was installed in the aqueous 
effluent line to eliminate backflow in the 
flexible leg during the downsurge of the 
pulse. As the top of the column was open to 
the atmosphere, only liquid in the column 
and in the pulse line between the pulse 
generator and the bottom of the column was 
pulsed. Pulsation was produced either by a 
duplex diaphragm proportioning pump with 
the check valves removed or by a recipro- 
cating brass bellows. Both pulsators pos- 
sessed sinusoidal variation of displacement 
with time. 

Amplitude, frequency, and wave form are 
necessary to identify the characteristics of 
a pulse. A sinusoidal pulse wave form was 
used in this investigation, as well as in the 
majority of pulse-column studies reported 
by other workers. The pulse amplitude was 
defined in this investigation as the total 
linear displacement of the fluid contents in 
the column cross section from one extreme 
position to the other. The product of the 
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Fig. 1. Pulse-column operating 
characteristics. 


Fig. 2. Close-up photograph showing 
stacked-column construction. 
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Fig. 3. Schematic flow diagram of pulse 
column and auxiliary equipment. 
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pulse amplitude and the column cross-sec- 
tional area was equal to the pulse volume. 
Two methods of measuring pulse ampli- 
tude (or volume) were used. At low pulse 
frequencies and amplitudes, the pulse vol- 
ume was measured by the variation in 
height of a column of fluid in a burette. The 
second method of measuring pulse ampli- 
tude consisted of measuring the total linear 
displacement of the fluid directly in the 
column. A sharply pointed probe attached 
to a micrometer was mounted at the top of 
the pulse column, as shown in Figure 4. 
Raising the point of the probe until it just 
broke free from the liquid surface at the 
bottom of the downsurge and lowering 
it until it just made contact with the liquid 
surface at the top of the upsurge made 
possible a measurement of the fluid displace- 
ment. The effect of surface tension tended 
to prevent the liquid from breaking free 
from the point of the probe and so necessi- 
tated a static correction. 
,, The pulse frequency was determined by a 
visual count of the number of pulses occur- 


Fig. 4. Micrometer probe used to measure 
pulse volume. 


ring during a known interval of time. A 
sufficient number of pulses was observed so 
that the frequency might be calculated with 
an error of less than 0.1 cycle/min. 

Before any column runs were made, the 
aqueous and organic phases were mutually 
saturated by pumping both phases through 
the column several times. The pulse column 
was usually placed in operation at a given 
pulse frequency, with flow rates adjusted to 
the desired values by the needle valves and 
rotameters. The principal interface was 
maintained at the top of the column by the 
flexible leg. 

After the flow rates and the interface level 
were constant for a period of at least a half 
hour, the column was assumed to be at 
steady state in the normal operating region 
(areas B and C in Figure 1). At a given 
organic flow rate, pulse frequency, and 
aqueous flow rate, the amplitude was gradu- 
ally decreased until flooding was observed. 
After each decrease of the pulse amplitude, 
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the column was allowed to return to steady 
state operation unless flooding occurred. 
The transition from normal operation to 
flooding was usually well defined by an 
uncontrollable rising of the interface at the 
top of the column. Simultaneously, a buildup 
of an organic phase layer in the end section 
beneath the bottom plate was observed. At 
incipient flooding, the flow rates were meas- 
ured by collecting the effluent streams dur- 
ing three consecutive 5-min. increments of 
time and measuring these volumes. Column 
operation was then interrupted to measure 
the pulse volume. 


INVESTIGATION 
Flooding Caused by Inadequate Pulsati 


For mixer-settler type of operation, a 
definite minimum rate of pulsation exists 
which is just sufficient to push upward the 
amount of light liquid fed and to pull 
downward the amount of heavy liquid 
fed. Flooding caused by inadequate 
pulsation is not governed by hydro- 
dynamic considerations; it is caused by 
the inability of the pulse to pass the 
desired amount of fluid through the 
plates. 

An equation will now be derived from 
an analysis of column operation at inade- 
quate pulsation. In the following deriva- 
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Fig. 5. Schematic illustration of bottom of 
pulse column. 


tion, operation will be considered at the 
bottom section of the column immediately 
below the lowest plate, as indicated by 
the level P in Figure 5. It will be assumed 
that the organic and aqueous phases are 
both fed continuously to the column at 
constant rates, but that organic and 
aqueous effluent streams both leave the 
column only during the pulse upsurge. 
It will also be assumed that the pulse 
wave form is sinusoidal. 

If the upward flow of fluid at P is 
considered as positive, then 


Q= 5 sin (Qrft) + Gt (1) 


and 
= oF (2) 
where 


V, = pulsed volume velocity, ce./min. 
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Fig. 6. Q vs. ¢ at level P for a sine-wave pulse form. 
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Fig. 7. dQ/dt vs. t at level P for a sine-wave pulse form. 


In Equation (1) the quantity Gt repre- 
sents the amount of fluid which has 
passed P as a result of the continuous 
feed of organic phase into the bottom 
of the column. Likewise the quantity 
v/2 sin (27ft) represents the amount con- 
tributed by the sinusoidal pulse. Equa- 
tion (1) is illustrated in Figure 6. 

Differentiation of Equation (1) with 
respect to time gives the velocity past P 
at any time. 


dQ/dt = mvf cos (2rft) +G@ (3) 


Equation (8) is illustrated in Figure 7. 

The fluid volume that is pulled down 
the column on each downsurge q, is 
obtained by integrating Equation (3) 
between the limits of tf; and t:, where ¢, 
and ft, are the first and second roots, 
respectively, of Equation (3) when the 
velocity is zero, as shown in Figure 7. 
Thus 


[ cos (2rft) + G] dt 
(4) 
or 
qa = v cosd + (26 — a)G/2rf (5) 
where 
= aresin (G/mf) (6) 


Because of the check valve located in 
the aqueous effluent line, no backflow is 
assumed to exist in the flexible leg, and 
so the downward movement of fluid 
occurs only in the column. 
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The rate at which fluid flows down the 
column is then obtained from the product 
of the pulse frequency and q, as given by 
Equation (5). The rate of downward 
flow must be at least equal to the aqueous 
flow rate L, as the aqueous phase will be 
drawn down through the column only 
when the fluid velocity is negative at 
P. If the rate of downward flow is greater 
than the aqueous flow rate, a condition 
will exist in which liquid in the column 
is recycled. Recycle, or back mixing, 
represents the return of fluid to its source. 
When recycle is present, therefore, some 
fluid can be expected to pass through a 
single plate more than once, and some 
cocurrent flow will be superimposed upon 
the net countercurrent flow of both 
phases. 

For the general case, with V, represent- 
ing the recycle rate in ec./min., 


= v cos + (26 — m)G/2nf 
(7) 


or 


V, = V, cos¢ + — G/2 L 
(8) 


When V, > 0, back mixing exists in the 
column. When V, = 0, no recycle is 
present and the pulsation is just adequate 
to pass L ec./min. of aqueous phase down 
the column. When V, < 0, the pulsation 
is not adequate to pass the required 
amount of aqueous phase down the 
column and flooding occurs. 
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Fig. 8. Comparison of flooding equations. 


A similar analysis of column operation 
considering the upsurge also results in 
Equation (8), indicating that the recycle 
on the upsurge is equal to the recycle on 
the downsurge. On the upsurge, fluid 
flows not only upward through the 
column, but also upward through the 
aqueous effluent line. Thus aqueous 
phase leaves through the flexible leg, 
and organic phase plus recycled fluid flows 
up the column. 

Equation (8) represents an exact ex- 
pression of the flow behavior of a pulse 
column, but it is cumbersome to use in 
the form given. Through the use of a 
series expansion of Equation (8), it may 
be shown (2) that an excellent approxi- 
mation of it is given by 


V. = V,(eosh 0) —-G/2-—L (9) 
where 


6=G/rV, (10) 
At incipient flooding where V, = 0, 
rearrangement of Equation (9) gives 


aL/G + 2/2 = (cosh 6)/6 (11) 


Equation (11) is a convenient expres- 
sion for predicting conditions of flooding 
due to inadequate pulsation. The left 
side of the equation is a function of only 
the flow-rate ratio, a quantity usually 
established by the stage requirements of 
a given extraction problem. With the 
flow-rate ratio known, the value of 0 
may be determined and the minimum 
pulsed volume velocity necessary for any 
value of G thus established. It should be 
noted that when the quantity rL/G + 
w/2 is greater than the quantity 
(cosh 0)/@, negative recycle, or flooding, 
exists. When the reverse is true, normal 
operation accompanied by recycle occurs. 

Equation (11) indicates that total 
throughput is inadequate for describing 
the conditions of flooding caused by 
inadequate pulsation. Instead each indi- 
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TABLE 1. INADEQUATE PULSATION StuDIEs AT DIFFERENT PULSE FREQUENCIES 


Run v Ve 
Pulse frequency = 72.6 cycles/min. 
NG-15 2.25 163.4 
HG-1-R 1.6 116.2 
HG-2-R 123.4 
HG-3-R 3.4 246.8 
HG-4-R 2.6 188.8 
HE-5-R 2.3 167.0 
HE-6-R 5.6 406.6 
HE-7-R 2.0 145.2 
HE-8-R 1.9 137.9 
HE-9-R 2.9 210.5 
HE-10-R 4.9 355.7 
HE-11-R 3.9 283.1 
Pulse frequency = 59.9 cycles/min. 
WG-31-R 3.64 217.7 
WG-32-R 4.30 257.1 
WG-33-R 2.63 157.3 
WG-34-R 5.11 305.6 
WG-35-R 5.70 340.9 
WG-36-R 5.77 345.0 
EG-53-R 2.26 135.3 
Pulse frequency = 35.7 cycles/min. 
EG-5 8.9 317.7 
HE-16-R 3.3 117.8 
HE-17-R 9.3 332.0 
WE-46-R 7.81 278.8 
WE-47-R 7.80 278.5 
EE-52-R 3.78 134.9 
Pulse frequency = 17.5 cycles/min. 
HE-12-R 7.0 122.5 
HE-13-R 8.2 143.5 
HE-14-R 9.1 159.2 
HE-15-R 13.8 241.5 


vidual flow rate must be considered. To 
compare Equation (11) with the flooding 
relation presented in Figure 1 by earlier 
workers, Equation (11) can also be 
written as 


G+ L = V,(cosh 6) + G/2 (12) 


It may be recalled that the equation of 
the inadequate pulsation line illustrated 
in Figure 1 is 


G+L = ¥; (13) 


Equations (12) and (13) may be com- 
pared by plotting G + LZ against V, at 
constant G, as shown in Figure 8. 
Figure 8 predicts that throughputs 
greater than the pulsed volume velocity 
should be possible. Equation (12) is 
represented in Figure 8 by a slightly 
curved line which nearly parallels the 
straight line of Equation (13). Because 
6 < 1, the line representing Equation 
(12) terminates at an abscissa of V, = 
G/m; the ordinate for this point is G. 
When the total throughput is G, the 
minimum ordinate for both flooding lines 
in Figure 8, Equation (13) predicts that 
a pulsed volume velocity equal to G 
will be necessary to avoid flooding. 
However, the flooding line given by the 
theoretically derived Equation (12) pre- 
dicts that a pulsed volume velocity of 
only G/m will be required. Such a low 
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Nominal Aqueous Flow Rate = 100 cc./min. 


G L 0 cosh @ (cosh 6)/@ «wL/G + x/2 V, 

114.0 98.5 0.222 1.0248 4.62 4.28 11.9 
17.0 103.6 0.046 1.0011 21.76 20.71 3:2 
41.3 99.9 0.106 1.0055 9.48 9.17 3.6 
257 .7 99.1 0.332 1.0556 3.18 2.78 32.6 
141.7 103.4 0.239 1.0287 4.30 3.86 20.0 
4a7-7 98.8 0.262 1.0345 3.95 3.83 5.2 
654.7 100.9 0.512 1.1340 2.21 2.06 32.8 
103.3 98.9 0.226 1.0257 4.54 4.58 — 1.6 
78.8 100.8 0.182 1.0166 5.58 5.56 0.9 
204.0 98.9 0.308 1.0478 3.40 3.10 19.7 
504.3 102.4 0.451 1.1035 2.45 2.21 37.9 
369.5 102.1 0.415 1.0874 2.63 2.44 20.9 
234.2 103.6 0.342 1.0591 3.10 2.96 9.9 
333.3 103.0 0.413 1.0865 2.63 2.54 9.7 
122.5 99.9 0.248 1.0309 4.16 4.14 1.1 
443.3 101.3 0.462 1.1087 2.40 2.29 15.9 
524.4 101.6 0.490 1.1225 2.29 2.18 18.9 
527.8 99.7 0.487 1.1210 2.30 2.16 23.1 
90.0 98.7 0.212 1.0225 4.82 5.02 — 5.4 
498.0 103.0 0.499 1.1271 2.26 2.22 6.1 

66.5 98.4 0.180 1.0162 5.64 6.22 —12.9 
432.9 99.5 0.415 1.0874 2.64 2.29 45.1 
382.4 98.8 0.437 1.0971 2.51 2.38 15.9 
370.3 98.9 0.423 1.0908 2.58 2.41 19.7 

91.8 103.0 0.217 1.0236 4.72 5.10 —10.8 

43.7 101.7 0.114 1.0065 8.83 8.88 — 0.2 

77.3 103.3 0.171 1.0147 5.93 5.77 bY 
117.0 98.5 0.234 1.0275 4.39 4.22 6.6 
266.6 100.1 0.351 1.0623 3.03 2.75 23.1 


pulsed volume velocity is possible because 
the organic feed entering the bottom of 
the column enhances the pulse upsurge. 
Thus the volume pushed upward through 
a plate is larger than that due to pulsa- 
tion alone. 

To test Equation (11) experimentally, 
a series of flooding runs was made at an 
aqueous flow rate of 100 cc./min. and 
pulse frequencies of 17.5, 35.7, 59.9, and 
72.6 cycles/min. The results are given in 
Table 1. The data, compared with 
Equation (11) in Figure 9, substantiate 
the conclusion that flooding due to 
inadequate pulsation is indeed a function 
of the pulsed volume velocity rather than 
of pulse volume and pulse frequency 
acting independently of one another. 

The data shown in Figure 9 indicated 
a tendency for flooding to occur with a 
slight amount of recycle present, so that 
the column appeared to flood at higher 
pulsed volume velocities than predicted. 
One possible explanation of why a slight 
recycle would be present was the existence 
of a condition which may be designated 
as “forced recycle’’—the inability of a 
droplet forming on the surface of a plate 
to break free before being sucked back 
through the perforation on the reverse 
pulse surge. Also the check valve failed 
to close immediately as the pulse began 
its downsurge, thereby allowing some 
fluid to be pulled back into the bottom 
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of the column from the flexible leg. The 
agreement of the data with the equation, 
however, was sufficiently good so that 
additional modification of the equation 
was considered unnecessary. 

In addition to the flooding studies 
made at an aqueous flow rate of 100 
ec./min., runs were made at nominal 
aqueous flow rates of 50, 200, and 300 
ec./min. The experimental results are 
given in Table 2, and the data are com- 
pared in Figure 10 with the theoretical 
relation. Fair agreement of the data with 
the equation existed, although most of 
the points fell slightly below the line as 
described above. However, several flood- 
ing points for runs at high aqueous flow 
rates were above the line in the region 
where flooding should occur, indicating 
that operation with negative recycle was 
possible without flooding. In these runs 
at high aqueous flow rates the check 
valve was observed not to close on the 
pulse downsurge, and so the aqueous 
effluent flowed from the column con- 
tinuously instead of leaving only on the 
upsurge, as assumed in the derivation of 
the flooding equation. Apparently in 
these runs such a low flexible-leg position 
was used that fluid could flow from the 
column simply owing to the effect of 
gravity, without the aid of pulsation. 

The theoretical analysis presented here 
may also be used to calculate the amount 
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TABLE 2. INADEQUATE PULSATION StuDIES AT DIFFERENT AQUEOUS FLOW RATES 


Run f v Vs G L 0 cosh 6 (cosh 6)/6 wL/G + V, 
Nominal aqueous flow rate = 50 cc./min. 
HE-18-R 72.6 1.3 94.4 81.7 51.3 0.275 1.0381 3.77 3.54 5.9 
HE-19-R 72.6 yA f 196.0 256.0 49.3 0.416 1.0878 2.61 2.17 35.9 
HE-20-R 72.6 2.2 159.7 165.3 48.2 0.329 1.0450 3.18 2.49 36.1 
HE-21-R 72.6 4.6 334.0 575.1 46.9 0.548 1.1540 2.10 1.83 50.9 
HE-22-R 72.6 1.15 83.5 20.5 47.4 0.078 1.0031 12.86 8.83 26.2 
HE-30-R 72.6 3.9 283.1 440.3 50.8 0.495 1.1251 2.27 1.93 47.5 
WG-37-R 59.9 2.05 122.8 120.5 49.9 0.312 1.0490 3.36 2.87 18.7 
WG-38-R 59.9 2.51 150.3 205.5 51.5 0.435 1.0961 2.52 2.36 10.4 
WG-39-R 59.9 3.16 189.3 302.0 51.0 0.508 1.1318 2.23 2.10 12.2 
WG-40-R 59.9 4.04 242.0 447.5 50.7 0.588 1.1780 2.00 1.93 10.6 
WG-41-R 59.9 4.35 260.6 495.8 49.9 0.606 1.1893 1.96 1.89 12.1 
EE-54-R 17.5 5.42 94.8 90.7 50.3 0.304 1.0465 3.44 3.31 3.5 
Nominal aqueous flow rate = 200 cc./min. 
EE-55-R 72.6 2.67 193.8 86.8 193.7 0.142 1.0101 GAL 8.58 —41.3* 
WG-50-R 59.9 3.43 205.4 101.6 200.1 0.157 1.0123 6.45 7.76 —43.0* 
WG-51-R 59.9 5.79 346.6 302.9 205.2 0.278 1.0389 3.74 3.70 3.5* 
Nominal aqueous flow rate = 300 cc./min. 
HE-25-R 72.6 3.0 217.8 52.5 288.7 0.077 1.0030 13.02 18.85 —96.5* 
HE-26-R 72.6 5.2 377.8 104.6 299.1 0.088 1.0039 11.41 10.55 27.6 
HE-28-R 72.6 2.95 214.2 34.2 291.0 0.051 1.0014 19.64 28.30 —93.6* 
*Check valve not seated; so continuous flow of aqueous effluent existed. 
O = 72.6 L 
20L 4= 59.9 « 66 
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x A 
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Fig. 9. Comparison of theoretical flooding equation with experi- 
mental results obtained at four frequencies and an aqueous flow 
rate of 100 cc./min. 


of recycle for various conditions of opera- 
tion. Recycle represents a deterioration of 
true countercurrent operation. The re- 
cycle rate V. might prove useful as a 
correlating device for pulse-column-ex- 
traction studies. 


NOTATION 


Q 


net quantity of fluid in ce. which 
has flowed upward past level P 


(see Figure 5) at any time ¢ in min. 
from the time t = 0. 

t = time, min. 

G = light-phase (organic) flow rate, 
ce. /min. 

L = heavy-phase (aqueous) flow rate, 
ec./min. 
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f = pulse frequency, cycles/min. 

v = pulse volume, the volume displaced 
during the pulse movement of the 
fluid contents of the column from 
one extreme position to the other, 


ec./cycle 

V, = pulsed volume velocity, ec./min, 
uxXf 

ga = fluid volume pulled down the 


column on each downsurge, cc./ 
cycle 


V, = recycle rate, cc./min. 
@ = aresin (G/mf) 

6 =G/rV, 
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Purity Control in Sodium-cooled 
Reactor Systems 


WARREN H. BRUGGEMAN 


Knolls Atomic Power Laboratory, Schenectady, New York 


Recent advances in purity control in sodium systems are covered. Emphasis is placed 
on results from the prototype S.I.R. system as well as other unpublished data. Included 
are chemical and nuclear activation analyses of sodium, filtration data, and details and 
operation of cold traps and plugging indicators. 


The development of sodium as a 
coolant for nuclear reactors has given rise 
to many interesting problems. One such 
area of interest is associated with purity 
control of the sodium. During the past 
months several (1, 2) informative papers 
have been published on the subject. The 
present paper is an attempt to bring the 
reader up to date in the field of sodium- 
purity control. Emphasis is placed not 
only on previous unpublished work but 
also on experience gained in preliminary 
operation of the sodium-cooled submarine 
intermediate reactor (8.I.R.) project. 


SODIUM SUPPLY 


Sodium, available commercially from 
three American manufacturers: duPont, 
Ethyl Corp., and U.S. I. Chemical Corp., 
is produced electrolytically from salt and 
is extremely pure. A typical analysis of 
commercial sodium is given in Table 1. 
This assay represents an average of 
sixteen individual samples of sodium 
supplied by duPont for the S.I.R. Mark 
A power plant, a prototype of the power 
plant of the U.S.S. Seawolf (SSN575). 

Because the Mark A plant was designed 
prior to widespread use of cast-drum 
sodium, its sodium charge was purchased 
in the form of 12%-lb. bricks. The 
principal impurities controlled in the 
purchase specification were calcium, to 
less than 400 p.p.m., and chlorine, to 
less than 50 p.p.m. Although not critical, 
these impurities were designated to 
assure a product consistent with that 
normally used in prior-development sys- 
tems. 
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A special request was placed on the 
sodium supplier to provide sodium which 
was “cast dry,” ie., cast without the use 
of kerosene as a mold-release agent. In 
addition, it was requested that stop-cock 
valves not be heavily greased prior to 
running the Mark A order. This was done 
to assure absence of hydrocarbons. It is 
felt that the hydrocarbons in excess will 
decompose and carburize the stainless 
steel components of a sodium system (3). 
At Knolls Atomic Power Laboratory, 
carburized layers of approximately 1-mil 
thickness have been observed in tests up 
to 1,000°F. Although not. excessively 
deep, such carburization is thought to 
weaken thin reactor parts which may be 
subjected to cyclic strains. 

Because of a faint kerosenelike odor in 
sodium supplied to Mark A, careful 
analyses were made for hydrogen and 
carbon. Analysis of the molten metal 
indicated 50 and 100 p.p.m. respectively. 
The value of 100 p.p.m. carbon is felt to 
be well below that amount which would 
cause carburization. Analyses were per- 
formed by procedures outlined in refer- 
ences 4 and 6. 

As a remaining check on the impurity 
content in the Mark A sodium charge, 
samples were inserted for nuclear re- 
activity measurements in a_ thermal 
critical assembly. Results were in arbi- 
trary units (cents of reactivity/g.) which, 
when converted, indicated that total 
parasitic absorption due to impurities 
was less than 18 p.p.m. boron or equiv- 
alent. As such, the nuclear poisoning 
effect of the impurities is less than 10% 
of the value calculated for pure sodium. 
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Samples of Ethyl and U.S.I. sodium, 
tested in a similar manner, gave results 
identical to those from the duPont metal. 

Substantiation of the purity of com- 
mercial sodium is available from recent 
radioactive decay data on Mark A 
sodium. After a period of 100-hr. opera- 
tion the S.I.R. reactor was shut down 
and the sodium activity observed. The 
sample decayed for 13 days at the ex- 
pected 15-hr. half-life. The impurity 
activity controlling after the thirteenth 
day leveled out at 27 days to a value 9 
decades below the saturated Na* level. 
Although this is a significant reduction 
in activity, it points up the need for 
complete system drainability of the 
sodium system. This is particularly true 
if maintenance is to be readily obtained 
on high-power-level reactor systems. 


FILTRATION 


Although the analysis of sodium indi- 
cates that the material is pure, it is 
advisable to filter the metal prior to 
introduction into a reactor system. Such 
filtration removes sodium oxide and also 
any insoluble foreign matter which may 
find its way into the commercial sodium. 

In Mark A §.I.R. the brick sodium was 
melted in 900-lb. batches and forced 
through a filter into a transfer tank 
operating under vacuum. A second filter is 
located in this tank. The batches of 
sodium were transferred by positive 
pressure through this second filter to the 
system storage tank. The filters used in 
both tanks were sintered stainless steel 
with an average pore size of 5u. Both 
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TaBLE 1. ANaztysis* or Mark A 


SopiumM 
Element P.p.m. Methodt 
Ag 
Al C 
B 4 
Ba 2 s 
Be NS 
Bi < 107 NS 
Ca 191 C 
Cd Ss 
Ce 2 
Cl 30 C 
Co 2 
Cr C 
Cs < 5 C 
Cu 2 Ss 
Fe 2.4 C 
Hg < 
In < 
K <100 C 
Li 17 Cc 
Mg < 35 C 
Mn < 
Mo 
Ni 0.5 C 
i < 10 C 
Pb C 
Pd < 
14 Cc 
Si < 10-5 C 
Sn < 
Sr 5 
< 107 Ss 
U <5 C 
V <5 


*Sodium supplied by E. I. duPont de Nemours & 
Co. in 1954. Analysis of ‘‘as received’? bricks per- 
formed by General Analytical Unit, Knolls Atomic 
Power Laboratory, L. P. Pepkowitz, Manager. 

tNone detected; value listed represents expected 
sensitivity of spectrographic detection. 

$S = spectrographic; C = wet chemical. 


filters were back flushed with helium 
after each transfer. 

As expected, heavy accumulations of 
sodium oxide occurred in the melt tank 
owing to the oxidized skin on the brick 
sodium. This necessitated the changing 
of filters and puddling and removing the 
oxide dross at approximately 6,000-Ib. 
intervals. The filtration rate averaged 
248 lb./(hr.)(sq. ft.) at an average tem- 
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Fig. 1. 


perature of 236°F. with a 19 lb./sq. in. 
differential. 

The difficulties resulting from the 
excess dross on brick sodium points up 
the desirability of procuring sodium in 
rail car lots or in the cast in drum form. 
Even in using these forms, a filter is 
advisable. Filtration data taken on the 
Mark A transfer-tank filter would be 
applicable in these cases since the sodium 
filtered was relatively free’ of oxides. The 
average filter rate from the Mark A 
transfer tank was 177 Ib./(hr.)(sq. ft.) at 
an average differential of 20.0 Ib./sq. in. 
at 245°F. 

Figure 1 plots data for the melt- and 
the transfer-tank filters. To allow com- 
parison of the two operations, the 
transfer-tank-filter results were corrected. 
to a 19 lb./sq. in. differential by use of a 
ratio of pressures. There is no obvious 
explanation for the absence of high 
filtration rates during initial operation of 
this filter. It is expected that oxide de- 
position within the filter pores plays an 
important role in the results. The in- 
consistency in data may occur since the 
transfer-tank filter was original equip- 
ment and may have been exposed to 
sodium for a long period of time prior 
to use. On the other hand, data plotted 
on the melt-tank filter represent runs on 
the second and third filter replacements. 

A chemical analysis after filtration 
indicated that of the impurities listed in 
Table 1 the only element which experi- 


enced a significant reduction was calcium. 
This decreased from 191 to less than 40 
p.p.m. Calcium reduction results from its 
oxidation with the excess sodium oxide 
present in the brick melting tank. 


CALCIUM IN SODIUM 


If the sodium had been supplied in 
oxide-free tanks, such oxidation of 
calcium would not be expected to occur 
immediately upon charging. The possi- 
bility is therefore raised of admitting 
soluble, unoxidized calcium into a reactor 
coolant system. Subsequent oxidation 
would result in the formation of calcium 
oxide, which is insoluble and hence could 
cause hydraulic or mechanical difficulties. 

The decrease of free calcium in sodium 
systems has been observed at Knolls for 
several years. The impurity tends to 
accumulate on the walls of the pipe and 
at low-velocity regions. In one experiment 
calcium was added to a flowing system 
equipped with a restricted-passage orifice 
plate. This plate, perforated with 50-mil- 
diam. holes, was intended to simulate 
the small flow passages in a power reactor. 
The loop was charged with sodium con- 
taining sufficient sodium oxide to cause 
sodium oxide plugging of the plate when 
the loop temperature was lowered to 
525°F. On the addition of calcium to 
provide 500 p.p.m. calcium in sodium, 
the flow decreased to 84% of the original 
value. When enough calcium was added 
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Fig. 2. Plugging indicator. 
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to raise the concentration to 675 p.p.m., 
flow decreased to 18% of normal. Sub- 
sequent dissection of the loop showed a 
calcium build-up of 1.5% at the per- 
forated plate. Although solubility at loop 
temperatures is in excess of 1% calcium, 
a sample of the bulk sodium indicated 
only 2 p.p.m. 

In view of the potential difficulties 
which may result from free calcium in 
sodium, caution should be exercised in 
the use of sodium which is received 
completely unoxidized.* Treatment by 
bubbling air through the molten fluid is 
one possible way of oxidizing, and thus 
removing, the calcium. An alternative is 
to purchase low-caleium sodium from 
the manufacturers. Although this is 
relatively new, as of this writing, two of 
the three sodium manufacturers can 
supply metal in tank-car lots with less 
than 50 p.p.m. calcium. The added cost 
for this product does not appear to be 
significant. 


OXYGEN DETECTION 


The principal impurity of concern in a 
sodium system is oxygen. The effect of the 
oxide on system pluggage, corrosion, and 
radioactive steel transport is discussed in 
the “Liquid Metals Handbook” (1). In 
order to monitor for oxygen in a sodium 
system, a plugging indicator can be used. 
Details of this instrument are discussed 
by Voorhees and Mausteller (1). 

Figure 2 illustrates the plugging indi- 
cator used in Mark A S.I.R. Rated 


*Similar plugging difficulties may occur owing to 
formation of Mg*4from the decay of Na?4. Magnesium 
will oxidize in preference to sodium, forming insolu- 
ble magnesium oxide. For example, magnesium build- 
up in a sodium system which has a saturated activity 
of 1 curie/g. will be 46 p.p.m./yr. 
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Fig. 4. Cold trap. 


sodium flow is 0.3 gal./min. and the 
restricted passage consists of a thin plate 
with seventeen holes, each 0.046 in. in 
diameter. 

Figure 3 shows a typical plugging run 
obtained by use of this unit. The break 
in the curve is distinct to within 35°F., 
resulting in accurate oxygen determina- 
tion. With greater oxide concentrations, 
the knee in the curve would be even 
sharper. During the run shown, the 
plugging plate was cooling at a rate 
between 5° and 10°F./min. 

The need for oxygen detection and 
control even after a system is carefully 
charged is illustrated by recent Mark A 
S.I.R. experience. The sodium was, as 
discussed above, double filtered at low 
temperature into the system storage tank. 
The storage tank and associated piping 
had been evacuated several times to a 
vacuum of 50u. After each evacuation 
the system was repressurized to above 
atmospheric pressure with pure helium 
which had been further purified by passing 
through sodium potassium bubblers. The 
reactor-coolant system proper was also 
treated in a similar manner. 

Despite the foregoing precautions, the 
oxygen content upon filling assayed at 
0.019% O2. It is probable that the total 
system oxide content was even higher, as 
only the oxide in solution can be detected. 
This excess above solubility was sub- 
stantiated by a longer than usual cold- 
trapping time required to effect a reduc- 
tion in the oxygen level. 

Unfortunately, from a data standpoint, 
the initial operation was made with a 
sampler equipped for oxide determination 
by the conventional mercury-extraction 
technique (6). The device used was 
shielded evolution of the K.A.P.L. type 
II sampler (7). Somewhat later the system 
was fitted with a plugging indicator, 
thereby permitting very accurate oxygen 
control. 

Recent data indicate that even after 
several months of operation, oxide is still 
building up at a rate of 7 g. of oxygen/day. 
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Since no appreciable repairs have been 
undertaken and, further, since only a 
small fraction of this amount could be 
explained as oxygen from the inert gas, 
it is concluded that the oxygen is still 
being leached out as original impurities 
from the system. It must be stated, how- 
ever, that “first time” caution has caused 
careful control of oxygen at levels 
(0.002% O:) which are considered sub- 
stantially lower than will ultimately be 
found necessary. 


OXYGEN REMOVAL 


The high degree of oxygen control in 
Mark A is readily maintained by use of a 
cold trap. The design of. this unit is 
shown in Figure 4. It consists of a cooler- 
crystallizer section and a regenerative 
heat exchanger. Sodium, at a flow of 
12 gal./min., is cooled in the regenerator 
from 600° to 750°F. The Dowtherm 
jacket in the erystallizer lowers the tem- 
perature an additional 70° to 300°F. 
This Dowtherm cooler assures that the 
lowest temperature exists in the crystal- 
lizer, thus providing for oxide accumu- 
lation in this region. In addition, the 
heat removed in the crystallizer provides 
the thermal driving force for operation of 
the regenerator. A more detailed descrip- 
tion of the design features of this type of 
cold trap is found in reference 1. 

The crystallizer region of the Mark A 
cold trap is packed with a knitted stain- 
less steel wire of 4 to 5 mils diam., packed 
to a density of 20 lb./cu. ft. This packing 
provides for the growth and support of 
the oxide crystals. The packing is a 
continuous strand of wire, considered 
necessary to prevent slivers of wire fiber 
from disengaging and causing mechanical 
difficulties in an otherwise clean reactor 
system. The volume of the crystallizer is 
approximately 80 gal. Aside from a 
capacity consideration, the volume pro- 
vides approximately 5 to 6 min. holdup, 
which assures maximum efficiency in the 
crystallizer region. 
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The crystallizer size of the mark A cold 
trap was based on some unpublished 
studies conducted by B. G. Voorhees and 
the author on a small -in. piping loop 
equipped with a test cold trap. The 
cold-trap crystallizer was 4 in. in diam. 
and 20 in. long and was packed with 
stainless steel wool. The loop was 
equipped with a perforated plate which 
served as a plugging indicator. 

Residence time in the ecrystallizer was 
varied by varying the sodium flow rate. 
The results are plotted in Figure 5 as 
oxygen concentration in the loop as a 
function of number of times the system 
volume was passed through the cold trap. 
The flow volume passed through the unit 
is thus a measure of cold-trap efficiency. 
It is seen from Figure 5 that an appre- 
ciable gain in efficiency results from in- 
creasing crystallizer hold time from 2% 
to 5 min. These data indicate that little 
is gained in efficiency when residence 
time is increased from 5 to 10 min. 

A subsequent run was made on a com- 
parable size of cold trap in which the 
steel-wool packing was removed. Al- 
though the unit was effective, the rate of 
removal was considerably less than the 
units which employ the steel-wool packing. 

An estimate of the capacity used to 
design the Mark A cold trap was also 
determined by Voorhees and the author. 
Runs were conducted in a cold trap em- 
ploying a 15-gal. steel-wool—packed ery- 
stallizer. Oxygen, added as Na,O and 
Na;,O., was permitted to reach equilibrium 
with the test-system sodium before the 
cold trap was activated. The test was 
carried out until-35 wt. % Na.O was 
accumulated in the erystallizer region. 
No increase in pressure drop was detected 
when the test system was secured for 
other reasons. 

The Mark A cold trap is used on an 
intermittent basis in purifying the sodium 
charge. A typical operating run in purify- 
ing the 8.I.R. sodium is shown in Figure 6. 
A comparison of these data was made 
with the theoretical reduction possible, 
based on ideal mixing in the system. This 
analysis* indicated that the cold-trap 
discharge was saturated at the lowest 
cold-trap temperature and hence was 
100% effective. 

In discussing cold traps, the author 
emphasizes that units of the Mark A 
type are designed for high efficiency and 
with considerable emphasis on total 
radioactive-shield weight. Cold traps for 
central-station nuclear plants can be less 


*The analysis was based on: 


t 
é 
where 
C = instantaneous oxide concentration in the 
system 
C, = theoretical minimum oxide concentration at 
the cold-trap discharge 
C, = system oxide saturation at start of the cold- 
trap run 
V, = number of times the system volume was 
passed through the cold trap 
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complex if allowed to be larger or of 
lower efficiency. For example, data above 
indicate that packing is not absolutely 
essential; likewise, the regenerative heat 
exchanger could be eliminated. A simple 
cold trap, particularly well suited to small 
test systems, is the natural-circulation 
type described in reference 1. 


CONCLUSION 


With time the technology of the use of 
sodium as a reactor coolant is becoming 
even more highly developed. It is signifi- 
cant that in the operation of the S.I.R. 
Mark A plant, purity-control considera- 
tions have worked out as anticipated. In 
general, this operation substantiates the 
author’s belief that the purity considera- 
tions in using sodium are simple and no 
more complex than those involved in the 
use of other coolant fluids. 
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Oscillatory Behavior of a Two-phase 


Natural-circulation Loop 


A program of study of the transient 
operation of natural-circulation loops has 
been underway at the University of 
Minnesota (1) and this paper is concerned 
with the oscillatory behavior of a two- 
phase natural-circulation loop. These 
studies are of interest for the emergency 
cooling of nuclear reactors and in the 
design of boiling-water reactors. The lit- 
erature survey pertaining to the transient 
operation of a natural-circulation loop is 
given by Alstad, Isbin, Amundson, and 
Silvers (1), and a survey of two-phase 
flow literature is given by Isbin, Moen, 
and Mosher (2). 


EXPERIMENTAL LOOP 


Figure 1 is a schematic diagram of the 
natural-convection loop which was stud- 
ied. The loop was constructed primarily of 
16-gauge, l-in. O.D. (0.872-in. I.D.) hard- 
drawn brass tubing. The major features 
of the loop are described in reference 1. 
During a natural-circulation run the 
flowrators were by-passed and only the 
electromagnetic flow meter was used. 
Normally the surge tank, Hi, was not 
used for two-phase natural-circulation 
runs. For those runs in which the pressure 
at one point in the loop was held con- 
stant, the gate valve between the surge 
tank HZ, and the loop was opened; for the 
constant-volume run, the gate valve was 
closed. A heater and pump were installed 
to maintain the cooling-water supply at 
5 gal./min. and at 130°F. 


THEORETICAL ANALYSIS 
General Equations 


The continuity equation, the equation 
of motion, and the energy equation for a 
viscous fluid flowing in a region of general 
geometry were formulated for a phase 
having continuous properties. A similar 
set of equations was derived for flow 
across a surface of discontinuity. The 
combination of these two sets of equations 
gave the equations for the two-phase flow. 
If these equations are applied to flow 
through a pipe of uniform cross section in 
which the steam and water phases are 
assumed to be in equilibrium (that is, p 
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A natural-circulation loop with water as the circulating fluid was studied for a range of 
operation covering two-phase flow. The work reported in this paper is concerned with the 
periodic oscillations of the flow rate and fluid temperature. The oscillations occurred even 
with constant heat input and constant cooling-water properties for the heat exchanger. 
The analytical approach includes a theoretical analysis of an open-ended system and 
numerical solutions obtained with an analogue computer for a simplified loop system. Also 
presented are the equations of motion, continuity, and energy, which were developed for a 
transient two-phase flow model for adaptation to more detailed numerical evaluations. 


Fig. 1. The natural-circulation 
loop. 
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and T correspond to the saturation 
pressure and temperature), the continuity 
equation may be written as 


The equation of motion for upward flow 
through a pipe becomes 


Law , 1 
g. Ot Je Ox 
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Finally the energy equation is 


_ A ap 


pe) 
Avs J at (3) 


ot Ox 


oT 
=Q+ + kA.) 


The terms ¢; and ¢» represent the ratio 
of the true rate of transport to the rate of 
transport of the mean flow for momentum 
and energy respectively. If both phases 
have the same linear velocity, ¢: and ¢: 
are unity. 

The three functions gi, ¢2, and F; were 
determined experimentally from steady 
state data. It was found that ¢: and ¢» 
could be correlated as functions of p 
alone and that 


F, = a(o)W'™ (4) 


where a(p) is a function of p. Figures 2, 3, 
and 4 illustrate the variation of 
and a(p) with p. Equations (1) through 
(4) have been applied to a natural-circu- 
lation loop in the form of finite-difference 
equations. The discussion of these equa- 
tions is not included in this paper as the 
numerical calculations by means of the 
S.E.A.C. (National Bureau of Standard’s 
digital computer, Standard’s Eastern 
Automatic Computer) have not been 
successfully completed. The pressure-drop 
data will be reported separately. 


STABILITY ANALYSES 


An insight into the factors which 
determine the stability of a natural-con- 
vection system is gained through the 
analysis of an open-ended loop, such as 
the one shown in Figure 5. The fluid 
entering the heater always has the con- 
stant temperature 7, and the velocity 
of the stream is fixed by the density 
difference between the fluid in the hot 
and cold legs. For any constant heat 
input, one may define a state of equili- 
brium in which the difference in weight 
of the two legs is just equal to the fric- 
tional resistance to flow. Under certain 
conditions this system may be unstable; 
that is, a small deviation from the equili- 
brium temperature distribution or the 
equilibrium flow may be propagated in 
space or time with increasing amplitude. 
The problem is to determine those con- 
ditions under which a flow perturbation 
of the form ey sin wt can cause a suffi- 
ciently large change in the external force 
acting on the system to sustain or increase 
the flow perturbation. The problem has 
been treated analytically for a one-phase 
fluid (3), and the following conclusions 
were obtained: 

1. If an oscillatory flow rate is to be 
possible, the force cannot be generated 
in the heater; it must be generated in the 
vertical riser. 

2. The product of the coefficient of 
expansion of the fluid and the vertical 
height of the riser must exceed a certain 
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value (defined by an analytical expres- 


sion) if the flow perturbation is to be '8 
sustained. 
3. The period of oscillation will be 1.07 
approximately equal to the residence 
time of the fluid in the heater and the veil 
vertical riser. 
In order to predict the period for a 
closed loop, a problem was solved ona 
Reeves Electronic Analog Computer. The 4, | | | 
number of nonlinear terms was limited to 1.04 
sixteen, and the model used was neces- | 
sarily a simple one. The computer could on | 
handle only ten subdivisions, with the | 
driving force expressed as a linear func- | | 
tion of all ten enthalpies and the fric- ” 
tional force as a quadratic function of the 3 | 
velocity. The number of available sum- Te ! 
ming amplifiers limited the problem to 
the case in which boiling occurred only ue | alts 
Fig. 2. The momentum-transport coefficient, 
at the top subdivision of the vertical = | 
riser. The loop equations used were | 
derived as noted in reference 1. 1.07 
The energy equation has been simpli- 
fied in the following manner: 106 
1. e ~H. The kinetic- and potential- 
energy terms were always less than 0.5% 105 
of the corresponding enthalpy terms. 0, \ 
0 oT 1.04 
+ k,A,) \ 
1.03 
omitted. The axial conduction term was \ 
always less than 0.001% of the term N 
0/dx (Wo.H). = 
Ada 
3 se 1.01 
omitted. An error of less than 0.004% is a 10 20 30 40 50 66 
caused by the omission of this term. ee: 
cu ft. 
Fig. 3. The energy-transport coefficient, ¢». 
80 | 
4. d. = 1. The analysis was restricted 
to a simple model. With these conditions, ad 
Equation (3) reduces to | 
The integration of the equation of % 
motion [Equation (2)] around the loop 49 \ 
leads to 40 
de — $B, 30 \ 
dV = Ge (6) 
dt p dx 
20 
with the added restriction that ¢, = 1. ' ns 
Equations (5) and (6) were applied as tee ee: 
lo 20 30 40 60 


Fig. 4. The friction coefficient, a(p). 
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Fig. 6. Subdivisions for the analogue-com- 
puter problem. 


TaBLeE 1. FOR THE ANALOGUE COMPUTER 


(AAZ)n, Pros Any Zny 
n cu. ft. B.t.u. Ib. lb. ft. 
lb. cu. ft. (cu. ft.) (B.t.u./Ib.) 
if 0.23000 182 59.781 —0.024 3.7084 
2 0.02387 182 59.781 —0.024 6.5278 
3 0.02387 182 59.781 —0.024 6.5278 
4 0.02387 182 37.500 —9.500 6.5278 
5 0.01749 153 60.477 —0.024 0 
6 0.02387 153 60.477 —0.024 —6.5278 
7 0.02387 153 60.477 —0.024 —6.5278 
8 0.02387 153 60.477 —0.024 —6.5278 
9 0.01356 153 60.477 —0.024 —3.7084 
10 0.04504 153 60.477 —0.024 0 
Energy equation: 
dH V Q 
dt ~~ (A + 


Flow equation: 
g 
dV Je Ben’ Ae 
dt 1 Bn AX, 
Je A, 


Pn 2(Pn + Pn-1) 
Q, = 3.16 B.t.u./sec.; = Q; = = 0 
Q; = —25.0V[((Hs + H:)/2) — H,] for the cooler. The heat transfer coefficient was taken 
to be a linear function of the flow rate, and the temperature driving force was approximated 


by the enthalpy differences. 
A Taylor series was used for the approximation of the frictional force: 


72 
1.8F, (V + (V - V.)° 
Vo 
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differential-difference equations and the 
loop was subdivided as shown in Figure 6. 
Table 1 summarizes the equations and 
data used for the analogue-computer 
problem. 


The density at point n was written as 
Pn = Pno a,(H, H,,.) (7) 


and the mean density of the nth sub- 
interval was set equal to the average of 
the densities at n and n — 1. A stable 
solution was found if the coefficient of 
expansion of water was used for all 
values of a,. An oscillatory solution, 
Figure 7, was obtained if vaporization to 
a few per cent quality was assumed in 
the top section of the vertical riser. 


RESULTS 


Two steady-equilibrium modes of oper- 
ation are possible when the pressure at 
one point in the loop is held constant 
(surge tank F, open to the atmosphere). 
For a very low heat input the water 
temperature in the riser never exceeds 
the boiling point and a state of stable 
equilibrium may be defined. For a very 
high heat input, the entire riser contains 
both steam and water, and a maximum 
flow rate is obtained. Oscillatory modes 
of operation result for the intermediate 
heat inputs. The manner in which the 
period and amplitude depend on the heat 
input is illustrated by Figures 8 to 12. 
The period and amplitude of the oscilla- 
tions are determined by the mean tem- 
perature level of the fluid in the vertical 
riser. 

The period is inversely proportional to 
the mean velocity provided that some 
steam is in the riser at all times. When the 
system does not contain some steam 
during most of the cycle, the period is 
considerably longer than that predicted 
by the extrapolation of the higher flow- 
rate periods. 

In the analogue-computer problem 
Q: = 3.16 B.t.u./see. and the period is 
149 sec., which is about 21 sec. less than 
the experimentally observed value for the 
lowest flow rate. The computed period 
would be expected to be less than the 
observed value since the density function 
used in the top subinterval of the riser 
was a two-phase density function which 
implied that the system contained some 
steam during all the cycle. Further the 
density function used for the boiling 
subinterval was linear, and it was not 
possible to exclude densities greater than 
the density of saturated water. A special 
nonlinear element would be required to 
generate a density function with the 
correct properties. As a result, the com- 
puted mean flow rate is less than that 
which could actually exist; however, the 
flow-rate curve and enthalpy curves have 
essentially the same shape as the experi- 
mentally determined ones. A larger com- 
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puter would be required for solving the 
stability problem at the higher heat fluxes. 


CONCLUSIONS 


A natural-circulation loop can be made 
unstable in the sense that a small dis- 
placement from the equilibrium state 
leads to undamped oscillations. Stable 
operations result when the fluid tempera- 
ture in the riser is restricted to values 
less than the boiling point and when the 
heat input reaches a value such that the 
frictional force changes more rapidly than 
the driving force. The theoretical treat- 
ment of an open-ended natural-circulation 
system and the solution of a simple 
problem by means of an analogue com- 
puter have lent support to the general 
conclusions of the stability analyses. 


Fig. 7. Solution of the analogue-computer 
problem. 


Fig. 8. Flow and temperature oscillations 
with a low heat input (Q = 5.84 B.t.u./sec.; 
surge tank open to atmosphere). 
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NOTATION 


a(p) = an empirically defined function 
for Equation (4) 

A = cross-sectional area for flow; A,,= 
cross-sectional area for water- 
phase flow; A, = cross-sectional 
area for steam-phase flow 


g = local acceleration of gravity 

g- = conversion factor in Newton’s law 
of motion 

F, = frictional force of the wall per 


unit length; F = loop resistance 
at flow rate V; Fy = loop resist- 
ance at flow rate Vo 

H = specific enthalpy of fluid; H, = 
specific enthalpy of the cooling 


water 

J = mechanical equivalent of heat 

k, = thermal conductivity of water; 
k, = thermal conductivity of 
steam 

p = fluid pressure 

Q@ = linear rate of heat input to the 


fluid; Q, = heat input per sub- 
division 
t = time 
fluid temperature 
mean linear velocity; vu, = mean 
linear velocity of water phase; 
u,; = mean linear velocity of the 
steam phase 
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= mean volumetric flow rate; Vo = 


initial or equilibrium volumetric 
flow rate in loop; é€y sin wt = per- 
turbation in the flow rate 


W = total mass flow rate 
zx = distance along stream line 
z = vertical height; z’ = slope of pipe 
at x 
a = coefficient of expansion used in 
Equation (7); the enthalpy differ- 
ence was used to approximate the 
temperature difference 
e = specific fluid energy = 
g 2 
J 
with subscripts s and w designat- 
ing steam and water phases; mean 
specific fluid energy 
A wPwéw + 
€ = 
Ap 
p = mean fluid density; p, = density 
of water phase; p, = density of 
steam phase; 
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Fig. 10. Flow and temperature oscillations (Q = 9.44 B.t.u./sec.; 
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Fig. 9. Flow and temperature oscillations (Q = 7.75 B.t.u. /sec.; 


surge tank open to atmosphere). 
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Fig. 12. Flow and temperature oscillations (Q = 12.70 B.t.u./sec.; 
surge tank open to atmosphere) 
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1 
p A (A w Pw + A,p,) 
A w + A 


Wu 

A €w + A, 
We 

Subscripts 

nm = subdivision number 

s = steam phase 

w = liquid-water phase 

0 = initial conditions 
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Process for Fission-product Removal 
from Uranitum-bismuth Reactor Fuels 


by Use of Fused-salt Extraction 


O. E. DWYER 


Brookhaven National Laboratory, Upton, New York 


The liquid-metal-fuel reactor under development at the Brookhaven National Labora- 
tory uses a fuel which is a solution of U**, Mg, and Zr in liquid bismuth. For a power- 
breeder thermal reactor, high neutron economy is essential, and this calls for low concen- 
trations of those fission products in the fuel which are high neutron capturers. Roughly 
45% by weight of the fission products can be continuously removed from the fuel by salt 
extraction with alkali and alkaline-earth fused-salt mixtures. These fission products 
contain the highly ‘‘poisonous” rare earths. This paper will present a discussion of process- 
design considerations and proposed flow sheets. 


The L.M.F.R. (liquid-metal—fuel reac- 
tor) being developed for power purposes 
at the Brookhaven National Laboratory 
is a thermal breeder reactor and uses as 
a fuel a dilute solution of uranium-233, 
magnesium, and zirconium in liquid bis- 
muth. The breeding is done in a blanket 
surrounding the core of the reactor, the 
most promising blanket material being a 
thorium-bismuthide slurry in bismuth. 
Since the » value for 13 at thermal 
energies is only 2.31, it is necessary to 
maintain low concentrations of fission 
products in the fuel in order to breed 
with g values significantly greater than 
unity. The L.M.F.R. can also operate as 
a converter, “burning” U2%* and produc- 
ing U233, The 7 for U?*5, 2.08, is even lower 
than that for U2, indicating that if the 
L.M.F.R. were to operate as a converter, 
neutron economy would possibly be even 
more critical. 

For the low fission-product concentra- 
tions desired in the L.M.F.R. the rate 
of fuel processing is necessarily high 
when one thinks in terms of the pounds 
of fuel which must be handled per day; 
but for a high-density liquid fuel such 
as uranium bismuth, where continuous 
operation can be used, actual flow rates 
are estimated to be less than 1 gal./min. 
for reactors having heat rates as high as 
1,000 Mw. In other words, L.M.F.R. eco- 
nomics are apparently such that the con- 
centration of fission products in the fuel 
will be low. 

In the L.M.F.R. the fission products 
can be divided arbitrarily into three 
groups: (a) those elements, or compounds 
formed from fission-product elements, 
which are appreciably volatile at operat- 
ing temperatures; (6) nonvolatile ele- 
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ments which form chlorides more stable 
thermodynamically than UCI; and ele- 
ments which, as anions, form salts; and 
(c) nonvolatile elements which form 
chlorides less stable than UCI;. For con- 
venience, the names of these three groups 
have been abbreviated to F.P.V., F.PS., 
and F.P.N., respectively. As reactor 
poisons, the first two groups are by far 
the worst, the first because of Xe!5 with 
its 2.7 X 10%—barn cross section, and 
the second because of the rare earths, 
particularly Sm‘, with its 47,000-barn 
cross section. The fission products in the 
third group, owing to their low poisoning 
effect, can be allowed to build up to 
considerably higher concentrations in the 
fuel with less frequent processing of the 
fuel for their removal. It is proposed to 
remove the F.P.V.’s by a volatilization 
process, either gas sparging or simple 
desorption, the latter carried out under 
low pressure conditions if necessary. It 
is the F.P.S.’s with which the present 
paper is concerned—their poisoning ca- 
pacity and their continuous removal from 
the fuel. 

In a commercial L.M.F.R. the indi- 
vidual concentrations of the three groups 
of fission products would, of course, be 
determined by economic considerations; 
however, it is felt that their combined 
poisoning effect would probably be less 
than 5%; i.e., they would absorb less 
than one twentieth as many neutrons as 
the uranium. 


POISONING EFFECT OF F.P.S.’S 


The method of determining the poison- 
ing effect of this group of fission products 
will be described. The fission products 
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extractable as chlorides by fused salts 
are rubidium, strontium, ythrium, cesium, 
barium, lanthanum, cerium, praseodym- 
ium, neodymium, promethium, samarium, 
europium, and gadolinium. In addition, 
iodine and bromine, as salts, would pre- 
sumably transfer to the salt with very 
high partition coefficients. Table 1 gives 
the yields (for U?**) of the fission products 
for the pertinent chains and the estimated 
atom fraction of each chain which is 
removed from the fuel with the F.P.S. 
group. 

Although the L.M.F.R. is nominally a 
thermal breeder, such reactors would 
have to operate for some years as con- 
verters. For this reason, the treatment 
given below is based on the use of U5, 
and not U*, as the fissile material. 

With reference to Table 1 again, in 
estimating the fraction of certain chains 
leaving the fuel stream as F.P.S.’s, it 
was assumed arbitrarily that 10% of the 
iodine and bromine left the fuel with the 
F.P.V. group. From the figures in Table 1, 
the average mass number of the F.P.S.’s 
is calculated to be 128.0, and their weight 
percentage of the total fission products 
turns out to be 43.2. 

There are eight nuclides which are 
particularly bad poisons—Sr*®, 
Nd'5, Sm!#9, Smt, Eu'ss, and Gd157, 
and they must be given special considera- 
tion. As a result, there will be three 
subgroups of the F.P.S.’s—group A, con- 
sisting of the chains listed in Table 1 
minus chains 89, 131, 143, 145, 149, 151, 
155, and 157; group B, consisting of 
chains 89, 131, 143, 145, 149, 151, 155, and 
157 minus the eight high—cross-section 
nuclides listed above; and group C, con- 
sisting of the eight nuclides. Group A is 
shown in Table 2. Many of the cross- 
section values used in this paper were 
taken from a recent Brookhaven Labora- 
tory report (3). 

From the figures given in Table 2, 
the average cross section for group A 
is calculated to be 7.9 barns. The poison- 
ing effect of this group is relatively 
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TaBLE 1. Fission Cuarns rrom Revative To F.P.S.’s 


% Estimated fraction % Fraction 
Mass Yield in F.P.S.’s Mass Yield in F.P.S.’s 
81 0.18 0.90 142 5.68 1.00 
83 0.62 0.05 143 5.35 1.00 
85 1.55 0.05 144 4.75 1.00 
87 2.80 0.25 145 4.00 1.00 
88 3.64 0.20 146 3.15 1.00 
89 4.40 1.00 147 2.45 1.00 
90 5.13 1.00 148 1.85 1.00 
91 5.60 0.95 149 1.28 1.00 
92 5:73 0.05 150 0.82 1.00 
127 0.21 0.90 151 0.49 1.00 
129 1.08 0.90 152 0.26 1.00 
131 3.0 0.50 153 O11 1.00 
133 6.74 0.05 154 0.05 1.00 
137 6.15 0.90 155 0.03 1.00 
138 6.36 0.80 156 0.02 1.00 
139 6.34 1.00 157 0.01 1.00 
140 6.23 1.00 158 0.002 1.00 
141 6.00 1.00 
T T T T T T T T 
Fig. 1. Poisoning effect of F.P.S.’s in L.M.F.R. 
| 
| 
| 
Fig. 2. Comparison of U*** and U** with respect to F.P.S. poisoning effect. 
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varies appreciably with operating 
ditions, and the methods used in 
mating them will be explained. 
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removal 
existence of steady state conditions, 


the 
and 


of the 


the assumption that all the F.P.S.’s 
transfer from the metal to the salt phase 
to the same degree. 

The concentration of a given nuclide 
in the fuel stream depends upon a number 
of processes which govern its rate of 
formation and its rate of disappearance 
from the system. The following rates are 
involved, expressed in atoms/sec.: 
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2. F.P.S.’s 1n Group A 


(% Yield) X Cross 
(fraction in section, 
Mass F.P.S.’s) barns 
81 0.16 2.6 
83 0.03 10.0* 
85 0.08 0.9 
87 0.70 0.14 
88 0.73 0.005 
90 5.13 1.0 
91 5.32 1.52 
92 0.29 
127 0.19 6.1 
129 0.97 15:0 
133 0.34 29.0 
137 5.53 2.0 
138 5.08 0.6 
139 6.34 8.4 
140 6.23 
141 6.00 10.0* 
142 5.68 
144 4.75 5.0 
146 3.15 9.8 
147 2.45 60.0 
148 1.85 3.3 
150 0.82 2.9 
152 0.26 150 
153 O11 420 
154 0.05 5.5 
156 0.02 750 
158 0.002 4.0 


*Assumed. 


1. Rate of formation from fission 


.ossof (1) 


2. Rate of formation resulting from 
neutron capture 


= N.V om (2) 


3. Rate of formation resulting from 
decay of parent 


(3) 
4, Rate of disappearance by decay 
= (4) 


5. Rate of disappearance by neutron 
capture 


= NV.o¢ (5) 


6. Rate of disappearance by extraction 
in fused salt 


_ WKN _ VN 


(6) 


Of course, not all the foregoing proc- 
esses apply in a particular case. In fact, 
for practical purposes process 2 can be 
neglected entirely, because it so happens 
that none of the really serious poisons 
have significant rates of formation as a 
result of neutron capture, owing to the 
low cross sections of the neutron-captur- 
ing species. 

From the foregoing equations, the 
steady state concentration of a chain- 
initiating nuclide or a nuclide whose 
precursors have negligibly short half- 
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lives is found to be expressed by the 
equation 


y 
MV. + + 


Wk (7) 
Ps 

which can be converted to the more 
convenient form 


f 


er 
o 
3.15 


For a nuclide inside the chain ends, the 
corresponding equations are 


] 7 
N rN, t (8) 
AV. + + 


8 


N= 


(7a) 


and for a chain-terminating nuclide, the 
two equations are 


V.og + 


8 


N = 


and 


N= 


In the foregoing equations the factor 
3.15 X 10° represents the number of 
fissions per second per megawatt of heat 
release. 

By use of the preceding equations, say 
7a), (8a), and (9a), the concentration 
of each of the nuclides in the eight chains 
containing the high-cross-section species 
can be determined. From this point on, 
in illustrations of the method of deter- 
mining the poisoning effect, the calcula- 
tions will be based on the following set 
of typical operating conditions: 


1,000 p.p.m. U2* in fuel 
300 tons fuel in system 
500-Mw. (heat) reactor 
20-day residence time for F.P.S.’s in 
fuel 


For these conditions, Tables 3, 4, and 5 
summarize the calculated results. Tables 
3 and 4 present the results for groups B 
and C, respectively, and Table 5 shows 
a comparison of all three groups. The 
average cross section of 40 barns for 
group B is very much of a guess, as it is 
based primarily on the assumed cross 
sections shown in Table 3; but since this 
group contributes less than 1% of the 
total F.P.S. poisoning effect, the un- 
certainty of its average cross section does 
not have a significant effect on the results. 
It will be noticed that, for the conditions 
considered, the eight nuclides of group C 
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3. F.P.S.’s Group B ror U5 


Calculated fraction 


Nuclides of total chain 

89 chain minus Sr 0.208 
131 chain minus I 0.000 
143 chain minus Nd 0.548 
145 chain minus Nd 0.018 
149 chain minus Sm 0.380 
151 chain minus Sm 0.000 
155 chain minus Eu 0.000 
157 chain minus Gd 0.351 


*Assumed. 


account for 96.3% of the F.P.S. poisoning 
effect, and it is interesting to note that 
one of these (Sm'4%) alone accounts for 
70.5%. The rare earths, as a group, 
account for 93.5%. The reactor poisoning 
due to the F.P.S.’s, expressed on a 
percentage basis, will be 


p= (4,42) 100 (10) 


In the present case N*5 and o;, are 
2.51 X atoms/ce. and 687 barns, 
respectively, which makes p equal to 1.02. 
Thus for every 100 neutrons absorbed 
by the U235, 1.02 will be captured by the 
F.P.S.’s. It is felt that this would be a 
typical figure for an eventual commercial 
L.M.F.R. power breeder with fully 
integrated fuel processing. For the con- 
ditions of the foregoing example, the 
concentration of the F.P.S.’s would be 
16.85 p.p.m. This would seem a very low 
concentration upon which to base a 
continuous-extraction process, but for 
a high-temperature liquid-metal—fused- 
salt system such as the one under con- 
sideration here, it is more than adequate. 
Figure 1 shows a family of curves 
presenting the poisoning effect of the 
F.P.S.’s as a function of their average 
residence time in, and the power density 
of, the reactor system. Offhand, one might 
expect the poisoning effect to be pro- 
portional to the power density 7 because 
of the direct effect of concentration; i.e., 
for a fixed residence time and total heat 
rate, when 7 is doubled and Vz is halved, 
then the concentration must be doubled. 
But the average cross section of the 
F.P.S.’s does not remain the same, 
owing to the fact that the more concen- 
trated the F.P.S.’s, the less the relative 
concentrations of the high—cross-section 
nuclides. The concentrations of such 
nuclides, owing to the fact that their 
disappearance is due primarily to neutron 
capture, tend to remain constant. 
Figure 2 shows a comparison of U5 


Cross section, 


Chain yield, % barns 
4.40 1.4 
3.00 
5.35 50* 
4.00 10* 
1.28 50* 
0.49 
0.03 
0.01 1 ,000* 


and U** with respect to the poisoning 
effects of their respective F.P.S.’s. It is 
seen that, other things being equal, the 
poisoning effect with U*** is appreciably 
greater than that with U***; for example, 
for 1% poisoning, under the conditions 
of the plot, the average residence times 
for the F.P.S.’s from U5 and U?% are 
10 and 19 days respectively. Or, in other 
words, the concentrations would be 18 
and 34 p.p.m., respectively. The con- 
siderably greater poisoning effect of the 
F.P.S.’s from U5 is due to the much 
higher fission yields of the rare earths 
from this isotope. 

The power figures in the foregoing dis- 
cussion are on a total basis; i.e., they 
include all the heat obtainable from the 
radioactive decay of the fission products. 


TABLE 4. F.P.S.’s 1n Group C ror U5 


Nuclide atoms/ce. barns 
Sr’? 3.39 X 101 110 
pst 1.07 X 10% 600 
Nd™s 2.33 X 290 
3.81 X 10" 52 
Sm" 2.65 X 105 47 ,000 
3.22 X 10% 7,200 
Eu 1.56 10% 13,000 
7.93 X 160 ,000 
CHEMISTRY 


The use of fused chlorides for extracting 
fission products from a uranium-bismuth 
reactor fuel was first proposed by Winsche 
and studied experimentally by Bareis at 
Brookhaven. Equilibrium results on some 
of the rare earths in the U-Bi/LiC1-KCl 
system were shown by Wiswall to be 
consistent with the postulation that the 
transfer of the rare earths from metal to 
salt was due to their selective oxidation, 
the degree of transfer being determined 
by the limitations of chemical equilibrium. 
An article by these three workers recently 
appeared in the unclassified literature (4). 


TaBLe 5. Porsonine Errects or F.P.S. Susgroups ror 


=N, a, X % of F.P.S. 
Group (atoms/cc.)10—? barns poisoning 
A 6.27 7.88 0.0494 2.8 
B 0.394 40 0.0158 0.9 
Cc 1.120 1,518 1.700 96.3 
Total F.P.S.’s 7.78 225 1.765 100.0 
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TABLE 6. FREE ENERGIES OF FORMATION OF CERTAIN CHLORIDES AT 500°C. 


—AF, 
Compound keal./g. atom Cl 

EuCl, 90.5 
BaCl. 87.5 
KCl 87 
SmCl, 85 
RbCl 85 
CsCl 85 
SrCl, 84 
LiCl 83.5 
CaCl, 82 
NaCl 81 
LaCl; 7 
PrCl; 70 


Table 6 presents free-energy-of-forma- 
tion values for the rare earths, alkali 
metals, and certain other metals of par- 
ticular interest in the present discussion. 
These figures are for 500°C., on the basis 
of an atom of chlorine, and were obtained 
principally from two sources (/, 2). They 
give a direct measure of chemical stability 
or tendency to chloride formation. It is 
seen that the free energy of formation 
of UCI; is well below that for any of the 
rare earths and the fission products in 
groups IA, ITA, and IIIA of the Periodic 
Table, indicating that it should be 
possible to oxidize these elements out of 
a uranium-bismuth solution without 
materially affecting the uranium. There 
are two approaches to accomplishing this. 
One involves the use of a buffer system, 
and the other is based on the use of the 
so-called “stoichiometric”’ method. 

The only buffer system which has thus 
far shown promise of success is the 
Mg*+—Mg system. From the free-energy 
values in Table 6, one would predict that 
if a salt mixture of KCl-NaCl-MgCl, 
were contacted with a metal phase con- 
sisting of U-Bi-Sm, the Sm would reduce 
the MgCl, and transfer from the metal 
to the salt phase, according to the equa- 
tion 


MgCl, + Sm— Mg + SmCl, 


It is assumed, of course, that the solu- 
bilities would be such that the reduced 
Mg would transfer quantitatively to the 
metal phase and the SmCl. to the salt 
phase. Moreover, the degree of separation 
achieved would depend on the “activities” 
of the reacting components in the two 
phases, besides the question of the extent 
of approach to equilibrium. The Mg in 
the metal phase would buffer the uranium, 
tending to prevent it from being oxidized. 
The oxidation-reduction potential of this 
type of system is not affected by small 
changes in concentration of the MgCl, in 
the salt or Mg in the metal and therefore 
can be easily controlled. The concentra- 
tions of the Mg and MgCl, will always be 
greatly in excesg of those of the F.P.S.’s 
in the two phases. With the system 
separa- 


*R.E. = Rare earth. 


Page 166 


—AF, 
keal./g. atom Cl 


Compound 
CeCl; 70 
PmCl; 69 
NdCl; 67 
GdCl; 65.5 
YCl; 65 
MgCl, 61.5 
ZrCl. 59 
UCI; 58 
CrCl, 35.5 
FeCl, 29 
NiCl, 24 
BiCl; 18.5 


tion factors in the order of 100 have been 
obtained. The separation factor is defined 
by the relation 


(p.p.m. F.P.S. in salt)/(p.p.m. U in salt) 
(p.p.m.F.P.S.inmetal)/(p.p.m. Uinmetal) 


Appreciably increasing or decreasing the 
concentration of Mg in the metal will 
make the system more or less reductive, 
respectively, even though the separation 
factor remains substantially constant. 
With the eutectic mixture KCl-NaCl- 
MgCl, (m.p. 396°C.) the Mg concentra- 
tion in the metal should be no more than 
about 100 p.p.m. 

The stoichiometric method involves the 
use of a relatively strong oxidant in the 
salt mixture, like UCI; or BiCl;, in con- 
centrations just great enough to remove 
the greater portion of the F.P.S.’s from 
the fuel stream without oxidizing an 
appreciable amount of the uranium. 

With UCI; as the oxident, uranium is 
added to the metal, which means that in 
actual practice this method of F.P.S. 
removal has the advantage of adding 
uranium make-up to the fuel. The 
stoichiometric relationships are such, 
however, that the F.P.S.’s_ will not 
transfer sufficient uranium to replace 
that which is consumed. The additional 
uranium can be transformed with mag- 
nesium. 

Bismuth chloride is a very strong 
oxidizing agent, and one which does not 
add a solute to the fuel. It must, of 
course, be added to the carrier salt in 
just the right amount to extract the 
F.P.S.’s and not the uranium. It should 
give separation factors at least as great 
as those obtainable with MgCl. The 
F.P.S.’s are, as it were, titrated out. It is 
evident that this method has the disad- 
vantage of requiring very careful control 
of the oxidant in the salt stream. On the 
other hand, the buffer system described 
above may work only when the Mg con- 
centration is below that desired in the 
fuel for inhibiting corrosion and mass 
transfer. For this reason, the stoichio- 
metric method appears more promising. 
In such a system the salt mixture carrying 
the oxidant could be any satisfactorily 
low-melting mixture of chlorides with in- 
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dividual salts at least as stable as mag- 
nesium chloride. 


PROCESS DESIGNS FOR F.P.S. REMOVAL 


The flow sheets described below are 
not based on the results of continuous 
pilot plant operation but are proposed for 
such on the basis of small batch-type 
experiments. 


Use of Buffer System 


A flow sheet, with typical numerical val- 
ues, explaining the removal of F.P.S.’s from 
the L.M.F.R. fuel and based on the “buffer” 
chemical system described above, is shown 
in Figure 3. The flow rates, concentrations, 
and equilibrium stages indicated on this dia- 
gram are based on a total heat rate of 570 
Mw. and a F.P.S. concentration in the fuel 
of 15 p.p.m. For a U5 concentration of 600 
p.p.m. and a representative fuel inventory 
of 300 tons, or a of about 2, this would 
amount to about 1.0% reactor poisoning. 
The numerical values in the flow sheet are 
based on the following four assumptions: 
(a) there is no entrainment; (b) partition 
coefficients for F.P.S.’s and U between salt 
and metal phases are constant over con- 
centration ranges involved; (c) all F.P.S.’s 
have the same partition coefficients; (d) the 
separation factor, as defined above is the 
same for all extraction columns and equals 
100. The individual values for the F.P.S. 
and U partition coefficients between salt 
and metal phases depends on the buffering 
action, and therefore the concentration, of 
the magnesium in the metal. The process 
outlined in Figure 3 does not represent a 
careful optimization of the several operating 
variables but is nevertheless believed to be 
typical as far as indicated sizes, concentra- 
tions, and flow rates are concerned. 

Columns 1, 2, and 3 are countercurrent 
extraction columns of 3.9, 4.1, and 4.5 
equilibrium stages, respectively. They could 
all be spray columns in which the liquid- 
metal fuel fell in the form of fine droplets 
through the slowly rising salt. The columns 
should preferably contain some baffling to 
prevent vertical mixing of the salt. Viscos- 
ity, interfacial tension, and density condi- 
tions are such as to make the bismuth-salt 
system a good one for this type of operation. 
Carryover, or entrainment, as judged on the 
basis of small-scale laboratory experiments, 
should be negligible. The relative velocity 
of the falling metal with respect to the rising 
salt should be about 2 ft./sec. This, together 
with the fact that the flowing streams are 
very small, means that the diameters of the 
columns are also very small. For example, 
column 1, the largest, would need to be no 
more than 3 or 4 in. in diameter. The heights 
of the columns will depend on their effi- 
ciencies and the separations required, but in 
any case it is expected that they would not 
need to be much taller than 3 ft. The height 
of column equivalent to a theoretical stage 
has not been experimentally determined but 
has been estimated on the basis of mercury- 
water heat transfer in spray columns, use 
being made of the analogy between heat and 
mass transfer. Rates of approach to equilib- 
rium in bismuth-salt systems at 500°C. are 
found to be extremely rapid in small-scale 
batch experiments. Generally speaking, dif- 
fusivities in liquid-metal and fused-salt 
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Fig. 4. Proposed flow sheet for F.P.S. removal from L.M.F.R. fuel by use of 
stoichiometric method. 


systems at this temperature are high in 
comparison with those in ordinary liquids. 

In column 1 the fission products are ex- 
tracted from the fuel; in column 2 the 
uranium is recovered from the salt leaving 
column 1; and in column 3 the uranium is 
recovered from the processing metal stream 
by the incoming salt. The same salt stream 
passes through all three columns. The parti- 
tion coefficients, indicated on the flow sheet, 
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are varied among all three columns by 
changing of the oxidation-reduction poten- 
tial in each by variation of the Mg concen- 
tration in the metal phase. It is estimated 
that the Mg concentrations in columns 1, 2, 
and 3 should be about 50, 65, and 35 p.p.m., 
respectively. Column 2 is more reductive 
than 1 to promote transfer of uranium to the 
metal phase, and column 3 is more oxidative 
than 1 to promote transfer of uranium to 
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the salt. Units 4 and 5 on the flow sheet are 
for adding Mg to, and removing Mg from, 
the processing metal stream, respectively, to 
give the desired partition coefficients in 
columns 2 and 3. The Mg could be added by 
means of an electrochemical cell in which 
Mg and Bi are the anode and cathode, re- 
spectively, and in which the salt bridge 
could consist of the ternary KCl-NaCl- 
MgCl... Or the Mg could be added mechan- 
ically in the form of a bismuth solution. 
Item 5 is a salt-metal contactor in which 
sufficient BiCl; is added to the carrier salt 
to oxidize the desired fraction of the mag- 
nesium without oxidizing a_ significant 
amount of uranium. This operation would 
probably be done on a batch basis, owing to 
the very small flow rate of the processing 
metal stream. 

After leaving column 1, the salt must be 
cooled to remove decay heat; but heat ex- 
changers have not been included in the figure 
for the sake of simplicity. Heat release from 
the F.P.S.’s will be discussed briefly in a 
later section. The dashed portion of the flow 
sheet in Figure 3 is simply a schematic 
representation of the salt-decontamination 
step as it relates to the main processing 
plant. 


Use of the Stoichiometric System 


A second flow sheet for a proposed 
L.M.F.R. fuel-processing plant, based on 
the stoichiometric chemical system, is shown 
in Figure 4. From an engineering standpoint, 
the two flow sheets are similar. The second 
flow sheet is based upon a 500-Mw. heat rate 
with U?%3 as the fissile material. 

With reference to the figure, the fuel from 
the reactor is first held up in a heat ex- 
changer D to allow the fission products to 
‘cool off” before flowing through extraction 
column A. In this column approximately 
two thirds of the F.P.S.’s are removed from 
the fuel; but before it is returned to the 
reactor, its Mg concentration is brought up 
to its original value by the addition about 
once daily of a 3% solution of Mg in bis- 
muth. The UCI; carried in the salt from 
column A is nearly all recovered in column 
B by contacting the salt with a Mg—Bi solu- 
tion. The uranium, accompanied by a small 
amount of F.P.S.’s, is recovered from the 
metal stream leaving column B by contact- 
ing it with the incoming salt in column C. 
The electrochemical cell G introduces BiCl; 
into the inlet salt stream and magnesium 
into the processing metal stream in the 
proper stoichiometric quantities to accom- 
plish the two-step transfer of the uranium 
from the out-going salt to the in-going salt. 
Uranium chloride is added to the salt stream 
from mixing tank F at the required rate to 
supply the necessary U make-up to the fuel 
stream. In other words, UCI; as the oxidant 
in the salt simultaneously removes the 
fission products from, and adds U to, the 
fuel. The stoichiometric quantities are such 
that a small amount of Mg must be oxidized 
along with the F.P.S.’s in order to add the 
required amount of uranium. The UCI; ad- 
dition of 768 g./day does not include the U 
make-up required for neutron capture by 
the U. If it is not desired to add the uranium 
to the fuel by this method, then the oxidant 
would be BiCls. 

In the stoichiometric system a typical 
carrier salt would be the NaCl-KCI-MgCl, 
eutectic. The salt stream, of course, becomes 
very radioactive and must be cooled. As in 
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Figure 3, the heat exchangers for this have 
been omitted. It is pointed out again that 
the numerical values shown in Figure 4 are 
not the result of careful economic optimiza- 
tion but are nevertheless believed to be 
fairly representative of commercial opera- 
tion. 

It will be noticed that the flow rates shown 
in Figures 3 and 4 are very small, an indica- 
tion that the equipment is correspondingly 
small. The largest conduit lines need to be 
no greater than 14 in. in diameter and the 
largest contactor column 3 in. in diameter. 
The small equipment, which is mainly a 
consequence of the facts that the operation 
is continuous and that the chemistry is non- 
aqueous, means that the shielding re- 
quired, though thick, is not expensive. 
From the standpoint of investment costs, 
instrumentation and control equipment will 
be major items. It is expected that electro- 
chemical cells can be used for adding small 
amounts of solutes to both salt and metal 
streams and that electromotiveforce cells 
can be used for control of concentrations of 
critical materials. At Brookhaven both the 
austenitic type-347 and the ferritic 400- 
series stainless steels have been used with 
good success, as long as the systems are 
quite oxygen free. As Table 6 shows, the 
chlorides of iron, chromium, and nickel are 
at the bottom of the list, an indication of 
their relatively low tendency of formation. 
Pretreatment and conditioning of equip- 
ment before use includes such operations as 
electropolishing, degassing under high vac- 
uum at temperatures in the neighborhood of 
800°C., and contacting with magnesium- 
bismuth solutions. It is essential that the 
equipment and piping be absolutely gas 
tight. This calls for either canned-rotor or 
canned-motor pumps and_bellows-sealed 
valves and pressure transmitters. 

Since the average residence time of the 
F.P.S.’s in the reactor would probably be 
only a few days, they are very radioactive at 
the time of their removal and provide an 
excellent source of high-intensity ionizing 
radiation. For an average residence time of 
20 days, it is estimated that the specific 
activity of the F.P.S.’s may be as high as 
50,000 to 100,000 curies/g., depending upon 
their holdup time after removal. The radia- 
tion capacity associated with the F.P.S.’s 
dissolved in the fused salt in a large 
L.M.F.R. plant, say one of 500 to 1,000 Mw. 
heat rate, could be as great as several million 
curies. Moreover, since the F.P.S.’s are dis- 
solved in the molten salt, they are in an 
easily handlable form. Thus, it is assumed 
that high-intensity gamma-radiation facili- 
ties would be an integral part of a commer- 
cial L.M.F.R. power plant. 

After a suitable storage period, the salt 
can be purified for reuse. Complete decon- 
tamination, however, is unnecessary. The 
F.P.S.’s can be removed from the salt by 
contacting it with liquid lead containing a 
strong reductant like magnesium or calcium 
and they can then be removed from the 
lead by direct oxidation with an air stream. 
Alternatively, they may be left in the lead 
for indefinite storage. 

Presumably, in the stoichiometric scheme 
the salt could be used over and over again 
with just “cooling” between cycles. What 
limits the concentration of F.P.S.’s in the 
salt during each pass through the plant is 
simply the resulting heat-generation rate 
per unit volume of salt. 
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Fig. 5. Energy release from F.P.S.’s. 


HEAT RELEASE FROM FISSION PRODUCTS 


An important consideration in the 
design of processes and equipment for 
handling radioactive fission products is 
the problem of heat removal. This is 
particularly true in the present case, 
because of the relatively short age of 
the fission products at the time of their 
extraction from the fuel. However, heat 
removal from fused salts does not present 
a difficult problem. 

Figure 5 shows a family of curves 
giving the specific heat rates for the 
F.P.S.’s as a function of average residence 
time in the reactor and time after 
removal therefrom. The curves were 
calculated from fission-product heat- 
release data obtained from the Argonne 
National Laboratory (6). Extrapolations 
to short decay times were made with the 
aid of the Way-Wigner (6) expression for 
fission-product—decay heat. 

In Figure 4 the exit salt from Column 
A contains 865 p.p.m. of F.P.S.’s which 
have been held up 20 min. after removal 
from the reactor. Assuming a typical fuel 
inventory of 300 tons, the average resi- 
dence time of the F.P.S.’s in the fuel 
will be about 18 days. From Figure 5 it 
is seen that the specific heat release for 
the F.P.S. under these conditions will be 
about 850 watts/g. This amounts to a 
total energy release of about 130,000 
B.t.u./(hr.)(cu. ft. of salt). Had the 
F.P.S. concentration in the fuel been 
5 p.p.m., the corresponding figure would 
be about 400,000 B.t.u./(hr.)(cu. ft. of 
salt). The energy will be divided about 
equally between beta and gamma radia- 
tion. The former energy will be liberated 
as heat at essentially the point of libera- 
tion, but the fraction of the gamma 
energy converted to heat in the heat 
exchanger will depend upon design of the 
exchanger and density of the coolant. 
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NOTATION 

f = fraction of uranium atoms fission- 
ing to a particular mass chain 

g = breeding ratio, atoms of fissile 


material produced per atom of 
fissile material burned 


k = (atoms F.P.S./ce in exit salt)/ 


(atoms F.P.S./ce. in fuel) 


N = concentration of a given nuclide 
in fuel, atoms/cc. 

N, = concentration of parent nuclide 
in radioactive decay, atoms/cc. 

N, = concentration of target nuclide in 


neutron capture, atoms/cc. 
N235 = concentration of U?*5, atoms/ce. 


p = percentage of poisoning, defined 
by Equation (10) 

P = thermal power of reactor, Mw. 

t = time, sec. 

t, = average residence time of N in 
fuel, sec. 

V. = fuel volume in core, cc. 


+ = fuel volume in reactor system, cc. 
W,. = salt flow rate, g./sec. 

m = number of neutrons produced per 

thermal neutron absorbed in 


uranium 

6 = average residence time in fuel, 
days 

\ = radioactive decay constant for N, 
sec.-! 

A, = radioactive decay constant for 
parent nuclide, sec.-! 

aw = power density, Mw. of heat per 
ton of fuel 

p. = salt density, g./cc. 

o = thermal-neutron cross section for 
N, barns 

o, = thermal-neutron cross section for 
target nucleus, barns 

= thermal-absorption cross section 
for U235, barns 

os, = thermal-fission cross section for 
U5, barns 


= thermal-neutron flux, neutrons/ 
(sq. em.) (sec.) 
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Liquid-metal Extraction for 
Processing of Spent Fuel 


A. F. VOIGT, A. H. DAANE, E. H. DEWELL, R. G. CLARK, J. E. GONSER, J. F. HAEFLING, AND K. L. MALABY 


Plutonium and the fission products can be removed from irradiated uranium by liquid- 
metal extraction by use of another metal immiscible with uranium. Metals studied have 
been silver, cerium, and lanthanum. Plutonium removal by silver is high, by the rare-earth 
metals moderate. In all cases volatile elements, including cesium, strontium, and barium, 
are removed. Rare earths are efficiently removed. Ruthenium and molybdenum are largely 
unaffected. Experiments with synthetic fuels corresponding to long burn-up periods show 
improved removal of most elements. Repeated batch extractions indicate that a continuous 
process separating the fuel into uranium, plutonium, and fission-product fractions could 


be developed. 


As the development of reactors to pro- 
duce competitive electrical power will 
require low processing costs, some very 
different types of processing are being 
investigated. A successful process may 
mean the difference between a nuclear 
power industry which can truly compete 
in price with other fuels and one which 
must be subsidized to meet competition. 

The basic idea behind the processes 
under investigation is quite different from 
that behind the ones that have been used 
to date. In the conventional process for 
the clean-up and reuse of nuclear fuel, 
the fuel metal is dissolved in acid and 
separated from fission products and other 
fissionable material (e.g., plutonium) with 
a high degree of purification before being 
refabricated into fuel elements. The de- 
gree of removal of the intensely radio- 
active fission products is sufficient to 
permit direct handling of the fuel ele- 
ments in the refabrication and hence 
an elaborately designed fuel element is 
possible. However, another possible tech- 
nique would be to provide in the separa- 
tion only enough removal of fission prod- 
ucts to negate any poisoning or impair- 
ment of metallic properties for which 
they might be responsible and at the 
same time by reforming the metal out of 
the molten state, to counteract any radia- 
tion damage which the metal may have 
sustained. Refabrication in this case 
would have to be done as a remote opera- 
tion, and the fuel-element design would 
necessarily have to be simple to allow this. 

The economic success of such a pro- 
cessing cycle would depend on the relative 
cost of complete chemical separation and 
direct refabrication on one hand and less 
complete, simple separation and remote 
fabrication on the other. Because there is 
a strong possibility that the latter alter- 
native may be less costly, the authors 
have actively investigated simple types of 
processing. 

The processing to be described falls in 
the general class of so-called “pyro- 
metallurgical” processes. Very early work 
(1) in this laboratory showed that this 
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type of processing could give separations 
of considerable interest and promise. 
Renewed work from 1952 on has added 
much to the early data and carried the 
program to the stage at which scale-up 
experiments are in progress. 

As has been described (2) the work at 
this laboratory has been concerned with 
liquid-metal extraction. In the phase 
systems of a number of metals, including 
silver, rare earths, magnesium, calcium, 
thorium, and others, with uranium there 
is an extensive immiscibility in the molten 
state. At temperatures just above the 
melting point the solubility of each phase 
in the other is a few per cent or less. 
Consequently a liquid-liquid extraction 
above the melting point is possible if 
provision is made for adequate mixing of 
phases and subsequent separation. 

Experiments (2) showed that silver, 
cerium, and lanthanum were some of the 
metals of choice in such a process. They 
also indicated that silver was a good 
extractant for plutonium as well as for 
many of the fission products, but that 
cerium and lanthanum extracted less of 
the plutonium. With all these elements 
rather large amounts of the important 
fission products, with the exception of 
molybdenum and ruthenium, were ex- 
tracted. 


PREPARATION OF MATERIALS 


Most of the previously reported experi- 
ments were done with irradiated uranium, 
which contained the fission products and 
plutonium at rather low concentrations. 
One of the observations from these ex- 
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periments was that the concentration of 
the material extracted affected the extent 
of the extraction. Since actual power 
reactor fuels will in all probability be 
operated to a degree of burn-up quite in 
excess of any of the irradiated uranium 
which was available for experimentation, 
it became necessary to go to artificial 
fission-product-uranium mixtures, which 
have been called ‘‘fissium.” 

The composition of the fissium material 
used was determined by a thorough study 
of the fission chains and the feasibility of 
preparing alloys. The possible effect of 
varying the energy of the neutron spec- 
trum responsible for the fission acts was 
considered, as were the recent observa- 
tions on fission yield, fine structure, and 
the burn-up of materials of high cross 
section. Calculations for a 30-day irradia- 
tion period to 2% burn-up of U2 and 
no cooling gave the values in Table 1 for 
the atomic percentages of the most 
important elements resulting from the 
fission of U2%, 

A practical artificial spent fuel was 
made up to be much simpler than this 
would indicate. The elements xenon, 
cesium, strontium, barium, krypton, ru- 
bidium, and iodine were eliminated from 
consideration because they are so volatile 
that their addition would be very difficult, 
and in any case their removal in any 
melting operation is easy and complete. 
In some cases a single rare earth, neo- 
dymium, was added to represent all the 
group, the amount added being equiva- 
lent to the sum of all the rare-earth per- 
centages. In other cases cerium was con- 
sidered separately and neodymium was 


TABLE 1. Aromic PERCENTAGES OF THE ELEMENTS IN THE FissION PRODUCTS 


Element At. % Element At. % Element At. % 
Zr 15.0 Sr 6.6 Kr 2.14 
Mo 9.20 Ba 4.57 Te 1.60 
Xe 9.17 La 3.18 Rb 1.21 
Ce 9.00 Te 3.14 Sm i.e 
Nd 7.90 Nb 2.75 Pm 0.73 
Ru 7.88 ¥ 2.66 I 0.73 
Cs 7.83 Pr 2.26 All others 1.45 
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added equivalent to all the other rare 
earths. Examination of the table shows 
that with these reservations, the addition 
of four or five elements, zirconium, molyb- 
denum, and ruthenium plus the chosen 
rare earth or earths, would take care of 
the first ten elements in the table plus 
a number of others. The elements added 
amounted to 59% of the total atoms and 
those known to be volatile amounted to 
another 32.2%, or a total of 91.2%. The 
actual composition of the fissium used 
is given in Table 2. 

The fissium was made up as needed with 
radioactive isotopes of the elements of 
interest to permit analysis by radio- 
chemical methods. In most of the experi- 
ments to be described, the added elements 
were made radioactive by irradiation in 
the Argonne National Laboratory CP-5 
reactor. As the isotopes producible in 
cerium and ruthenium by n, 7 reactions 
are less satisfactory for analytical pur- 
poses than Ce'#4 and which can 
be obtained as fission products from the 
Oak Ridge National Laboratory, cerium 
and ruthenium metals containing these 
tracers were made by reduction of the 
salts by the conventional methods. Table 
3 lists the properties of the isotopes 
used. 

The fissium was prepared in kilogram 
quantities by a process involving several 
steps. The refractory nature of some of 
the metals made a_ high-temperature 
melting process necessary in order to get 
them into the alloy. This was accom- 
plished by are melting all the alloying 
metals with about 100 g. of uranium. The 
resulting button of concentrated alloy 
was sectioned into quarters, which were 
placed in a tantalum crucible about 1 in. 
in diameter alternately among pieces of 
uranium metal weighing about 200 g. 
each. This assembly was melted by 
induction heating in vacuo, removed, 
inverted, and remelted. 

The homogeneity of the samples was 
checked by means of radioautographs of 
the resulting cylinders and by scanning 
with a gamma-ray scintillation spectrom- 
eter. The radioautographs showed con- 
siderable concentration of some of the 
fission products at the crucible interface. 
Removal of the surface by machining 
removed most of this inhomogeneity, 
though there was still indication of a 
nonuniform distribution. The scintillation 
spectrometer was set at the characteristic 
gamma-ray energy of the particular 
nuclide of interest, e.g., 0.72 Mev. for 
zirconium, and by scanning the length 
of the cylinder through a collimating 
system one could observe the distribution 
of the particular element. Though some 
lack of uniformity was observed, it did not 
appear that repeated melting would help 
the situation, and the samples were used 
as produced. Other methods of prepar- 
ing the material, such as a tilting resist- 
ance furnace, gave less _ satisfactory 
results. 
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TABLE 2. Fisstum Composition, 
2% Burn-up 


inductively in vacuo to 1,200° to 1,220°C, 
for 20 min. in all cases unless otherwise 
indicated. 


Element Atom ratio Weight % 
P The induction heating is known to 
U 98 99.5 provide sufficient stirring to mix the 
lighter metal and uranium phases. It is 
Mo not known whether this stirring is 
Ce 0.180 0 108 vigorous enough to permit the system to 
Nd 0.358 0.220 approach equilibrium in the time taken 
for the experiments. 
TABLE 3. Isoroprs UsEep ror Fisstum ANALYSIS 
Radiation 
Element Isotope Half-life energy, Mev. Remarks 
Zr 95 65d 80.37, y0.72 35-day Nb® daughter introduces 
problems 
Mo 99 66h B1.2, y’s Short half-life is a severe limit 
Ru 103 40d 80.22, 70.5 Soft 8 is difficult to measure accurately 
Ru 106 ly 80.04 Hard £8 of Rh daughter is easily meas- 
Rh63.5, y’s ured 
Ce 141 33d B0.58 Irradiated Ce contains 14-day Pr’, 
which confuses issue 
Ce 144 280d 0.3 Hard 8 of Pr daughter is easily meas- 
Pr 63.0 ured 
Nd 147 1ld B0.83 
TaBLE 4, DISTRIBUTION COEFFICIENTS 
Extractants Legend 
Fission 
products Ag Ce La Letter Range 
Mo B C B B 0.003-0.03 
Ru B D D € 0.03-0.3 
Zr D D D D 0.3-3 
Nd E E E 3-30 
Ce D E 
TaBLeE 5. DECONTAMINATION 
Extractants Legend 
Fission 
products Ag Ce La Letter Dec. fact. % removed 
Mo P P P P 1-1.3 0-23 
Ru P Q Q Q 1.3-1.8 23-45 
Zr S Q S S 2.5-5 60-80 
Nd U 5-10 80-90 
Ce S U 10-50 90-98 
TaBLE 6. FoRwWARD AND REVERSE ExTRACTIONS* 
Extractants Legend 
Fission Ag Ce La Distn. 
products For. Rev. For. Rev. For. Rev. Letter coeff. 
Mo B D C C B D B 0.003-0.03 
Ru D D D D C 0.03-0.3 
Zr D D D E D E D 0.3-3 
Nd E G E G E 3-30 
Ce D G E F F 30-100 
G 100 


*The ranges for the forward extractions are those given in Table 4; those for the reverse extractions represent 


two runs on each extractant. 


The extraction experiments to be 
reported were each run with about 150 g. 
of uranium and an equal volume, roughly 
half this weight, of the extracting metal. 
Tantalum crucibles were used for the 
extractions. The samples were heated 
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ANALYSIS 


The original fissium melts were sec- 
tioned into samples for extraction, and 
between each extraction sample a sample 
was taken for analysis. Radiochemical 
analysis of these samples showed a non- 
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TABLE 7. DISTRIBUTION COEFFICIENTS IN REPEATED EXTRACTIONS 


Extractants 
Fission Silver Cerium 

products 1 2 1 2 
Mo A A 
Ru A A D D 
Zr D D € D 
Nd D E E F 
Ce D D 


uniform distribution of various activities 
along the cylinder which did not show 
up in the homogeneity studies previously 
mentioned. In general the fission-product 
content of the extraction samples, the 
original material for each extraction, was 
taken as the average between the two 
adjacent analytical samples, but if one 
of these appeared out of reason, a weighted 
average was used. 

A decontamination factor was deter- 
mined for each extraction, defined as the 
ratio of the amount of the element of 
interest in the original metal to that of 
the final extracted metal. For most 
purposes this is not considered as im- 


Legend 
Lanthanum 
1 2 Letter Range 
B B A 0-0.003 
D D B 0.003-0.03 
D C 0.03-0.3 
D 0.3-3 
E E E 3-30 
F 30-100 
RESULTS 


It was found that the reproducibility 
of the experiments was rather poor by 
the standards which are accepted for 
aqueous solution chemistry. The trends 
and orders of magnitude are, however, 
clearly established and the tables of data 
have been arranged to show the trends 
by indicating ranges of values rather than 
actual values. In the extraction and 
decontamination experiments summarized 
in Tables 4 and 5 an average of six 
determinations is represented by each 
given range. 


TABLE 8. DECONTAMINATION IN REPEATED EXTRACTIONS 


Extractants 
Fission Silver Cerium Lanthanum 
products Over- Over- Over- 
1 y all 1 2 all 1 2 all 
Ru gE P P F Q R Q P Q 
Zr S S fi R Q S R S S 
Nd S 4 U U V 
Ce S U V S S dg 
Legend 

Letter D.F. % rem. Letter D.F. % rem 
P 1-1.3 0-23 F 5-10 80-90 
Q 1.3-1.8 23-45 U 10-50 90-98 
R 1.8-2.5 45-60 V >50 >98 
S 2.5-5 60-80 


portant a quantity as the distribution 
coefficient, which in our usage is defined 
as the ratio of the amount of the element 
of interest per gram of meta! in the 
extractant phase to that quantity in the 
uranium phase. 

Analyses were by standard radio- 
chemical techniques. In many cases the 
amount of an*element in a particular 
phase was too small to follow through a 
chemical procedure without the addition 
of carrier. In these cases known amounts 
of carrier were added and the principles 
of the isotope dilution technique were 
used. 


In these first experiments in a new 
field it has not been possible to find the 
reasons for the lack of reproducibility 
and to obtain improvement. However, 
the principal cause of the lack of agree- 
ment is probably the sampling. It is quite 
possible that small particles of one phase 
may remain suspended in the other after 
the induction furnace has been turned 
off. As soon as the induction heating is 
stopped, the stirring ceases and settling 
begins. Cooling starts at the same time, 
however, and is fairly rapid and so the 
phases may not have time to separate 
completely. To remedy this situation a 


TaBLeE 9. PLurontumM ExTRACTION 


Distribution coefficient 


Decontamination factor 


Extractant Medium level High level Medium level High level 
Ag 4.6 3.7 
Ce 0.95 1.02 1.50 1.58 
La 0.65 0.56 1.28 1.22 
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procedure has been initiated of reheating 
the melt in a resistance furnace to allow 
complete phase separation after the melt 
is removed from the induction furnace. 

In order to ascertain whether or not 
the extraction represented equilibrium 
conditions, the extractant metal phase 
from some extractions was reextracted 
with inactive uranium. The results of 
these experiments (Table 6) show that in 
some cases distribution coefficients in the 
same range were obtained independently 
of the direction of approach, for example, 
in the extraction of ruthenium into cerium 
or lanthanum. More frequently, however, 
the reverse-direction extraction showed a 
higher value of the distribution coefficient 
than the forward extraction, which can 
be explained by a lack of attainment of 
equilibrium in the system. More vigorous 
stirring or longer heating was a possible 
aid in the solution of this difficulty. 

Another series of experiments was 
designed to determine whether initial 
decontaminations and distributions could 
be duplicated in a second extraction of 
the uranium phase with the same metal. 
Two parallel runs were made for each 
extractant, and the results for distribution 
coefficient and decontamination are given 
in Tables 7 and 8, respectively. It can be 
seen that similar distributions and de- 
contaminations were obtained in the 
first and second extractions. Comparison 
of duplicate runs shows that consecutive 
extraction experiments give just as good 
agreement as duplicate runs. The indica- 
tion is that scale-up to continuous or 
repeated batch extraction would be 
possible. 

The fissium used in these experiments 
did not contain plutonium and no 
plutonium data are available from these 
experiments, but a restatement of the 
earlier runs on plutonium is important in 
order to consider the process as a whole. 
Table 9 contains a summary of the plu- 
tonium data (2) at two levels of plu- 
tonium content: medium, about 18 mg. 
of plutonium/kg of uranium, and high, 
about 230 mg. of plutonium/kg. of 
uranium. The distribution coefficients for 
silver are high enough to indicate com- 
plete removal if the process is repeated a 
small number of times. With cerium, a 
number of repetitions would be necessary; 
with lanthanum, removal of plutonium 
would be difficult. Somewhat lower 
removal by lanthanum would allow its 
use to remove fission products while leav- 
ing the plutonium in the fuel, but with 
the removal as large as is indicated, this 
would probably give too large a loss of 
plutonium to be feasible. 


TREATMENT OF THE EXTRACTANT PHASE 


Removal of fission products and plu- 
tonium from uranium by such an extrac- 
tion process must be followed by a step 
to clean up the extractant phase if the 
process is to be of much value in a fuel 
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cycle. Methods of cleaning up the extrac- 
tant phases have been under investigation 
for some time with particular emphasis 
on the silver phase resulting from ex- 
traction of uranium with silver. 

Some of the procedures tried to clean 
up the silver have been electrorefining 
with an aqueous bath, electrorefining 
with fused salt baths, and treatment with 
molten salts containing silver chloride. 
In the electrorefining experiments the 
contaminated silver is made the anode 
and a silver rod is used as the initial 
cathode. As the electrolysis progresses 
the cathode grows at the expense of the 
anode. A silver cathode which is decon- 
taminated from those impurities which 
were present in the silver anode is 
obtained as a result either of lack of 
oxidation of the impurities at the anode 
leaving them in the form of a sludge or 
lack of reduction at the cathode leaving 
them in the electrolyte. Large decon- 
tamination factors were obtained from 
both of the electrorefining procedures, but 
the aqueous studies were abandoned. The 
aqueous bath required to obtain a smooth 
adherent deposit was so filled with com- 
plexing agents and other reagents that 
its stability toward the radiation which 
it would receive in actual use appeared 
highly problematical. 

The fused-salt electrorefining studies are 
continuing with quite promising results. 
However, problems exist. Deposits tend 
to be crystalline and to form long stream- 
ers from the electrode. Owing to the large 
surfaces of these crystalline deposits the 
amount of adsorption and trapping of the 
electrolyte within the cathode deposit is 
considerable. Solutions of these problems 
appear to be at hand to permit further 
studies on decontamination. 

The direct treatment of the contami- 
nated silver with molten silver chloride 
has difficulties also, particularly in the 
choice of materials for use as containers. 
Glass is unusable at the temperature of 
molten silver, and metals are rapidly 
chlorinated by hot silver chloride. Silica 
crucibles have been found to hold the 
mixture and these are at present in use. 
Decontamination results are not available 
for many elements as, for example, so 
little ruthenium or molybdenum go into 
silver that their removal is hardly a 
problem. Results for fission-product ceri- 
um, which does extract into silver, 
indicate a removal of 97 to 99.6% in a 
single heating with silver chloride or 
silver chloride-sodium chloride mixtures 
containing 10 to 90 mole % silver chlo- 
ride. Results for zirconium similarly 
indicate removal of 96 to 99.9% of the 
fission product from silver in such 
extractions. Thus it appears that the silver 
layer can be freed of at least some of its 
fission-product load after the silver ex- 
traction of uranium. 


CONCLUSIONS 
In estimating the value of this type of 
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processing it is important to review the 
reasons for reprocessing fuel. Foremost 
for many reactors will be the cure of 
radiation damage. Changes occur in 
thermal conductivity, strength, and even 
shape of solid fuel elements in which 
fission is occurring at a high rate. These 
make it necessary to limit the time of 
exposure of the fuel elements and to 
reprocess at shorter intervals than would 
be required for any other reason. The 
fission products which in being slowed 
down give rise to this radiation damage 
may also just by their presence in the 
metal change its strength or other metallic 
properties or its resistance to radiation 
damage. Hence, their removal may be 
essential. Little is known about this aspect 
of the problem as it involves studies on 
complex alloys with small amounts of 
many elements very uniformly mixed 
through the alloy, a highly complicated 
system which it has not been possible to 
duplicate. 

A third reason for reprocessing is the 
removal of fission products because of 
their neutron-absorbing tendency. The 
urgency for this depends on the type of 
reactor in question, as the neutron ab- 
sorption by different fission-product nu- 
clides is highly dependent on the neutron 
energy. Thus for a thermal reactor, 
removal of certain poisons may be of 
prime importance while for a fast reactor 
there are no nuclides of particularly 
serious poisoning ability. The reprocessing 
step should also provide for the replenish- 
ment of the used fissionable material in 
the fuel element, for example, by allowing 
the addition of highly enriched U2 to a 
fuel mixture of moderate enrichment. 

Most of these ends can be accomplished 
by pyrometallurgical processing. The 
healing of radiation damage in a solid 
fuel can certainly be done by a melting 
and recasting process provided the fuel 
element is of such design that it can be 
fabricated remotely. Since the resistance 
of an alloy to radiation damage depends 
on its microstructure, it is also essential 
that the most resistant microstructure 
be obtainable by remote fabrication. 

It is not known which of the fission- 
product elements may impair the struc- 
ture of the metal and its resistance to 
radiation damage, which ones will have 
no effect, and which ones may actually 
improve the metal. It would be expected, 
however, that the presence of a nonmetal 
atom like xenon or a large atom like 
cesium would tend to impair rather than 
to improve. Thus the rare gases, the alkali 
and alkaline earth elements, may be the 
most important elements to remove 
from the standpoint of metallic struc- 
ture. These, as it has been noted, are the 
particular elements that are removed by 
volatility in pyrometallurgical processing. 
Experiments not reported here (2) show 
that the decontamination factor for 
cesium and strontium in a single liquid- 
metal extraction step is of the order of 
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500 to 10,000 at the highest fission- 
product concentrations in which the 
process was tested, a level which cor- 
responded to a burn-up of about 0.03%. 
Since these decontamination factors were 
considerably higher at high concentra- 
tions than at low, it would be logical to 
assume even better decontamination 
factors if the experiments could be run 
at a level corresponding to 2% burn-up. 

Those elements which are removed 
specifically by extraction rather than 
volatilization, particularly the rare earths, 
might or might not be harmful to the 
metallic properties. At the present time 
too little is known about this to permit 
even a guess. Those elements which are 
not removed, such as ruthenium and 
molybdenum, might at low concentra- 
tions actually improve the metal. At 
least there is no information either of a 
practical or theoretical nature which 
would indicate that they have a large 
adverse effect on the metal. The radii of 
these atoms are such that they might fit 
into the uranium lattice without produc- 
ing excessive distortion. 

Thus, although the evidence is still 
meager it appears that pyrometallurgical 
processing would remove those fission- 
product impurities most likely to distort 
the uranium lattice by their presence. 
Those elements which it does not remove 
would be expected to have much less 
deleterious effect and possibly even to be 
beneficial. 

As far as poisoning by neutron absorp- 
tion is concerned, in a thermal reactor a 
very large part of this is in Xe, which is 
transitory and of minor importance in a 
processing cycle. Except xenon, most of 
the poisoning is in the rare earths, 
samarium, gadolinium, neodymium, and 
europium, and in iodine. Of these elements 
the rare earths are extracted to a large 
extent in the liquid-metal process and the 
iodine would in all probability be lost by 
decomposition of uranium iodides at the 
temperature of the extraction. The next 
group of fission products in order of 
decreasing importance as poisons in a 
thermal reactor are cadmium, strontium, 
cesium, rhodium, and krypton. By this 
time the contribution of each element to 
the poisoning is small. The authors have 
no information about cadmium and 
rhodium, but the rest of this group is 
completely removed by volatility. 

In a fast reactor the problem of 
fission-product poisoning is minor and is 
a much less urgent reason for reprocessing 
than it is in a thermal reactor. The major 
contributors to poisoning in this case are 
elements which have been found to be 
fairly difficult to remove, such as zir- 
conium, ruthenium, and molybdenum. 
However, enough of the zirconium is 
removed along with those elements which 
contribute less but still appreciably to the 
poisoning effect so that this effect is 
reduced to approximately haif of its 
original value by a single extraction step. 
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It is clear that while a metal is in the 
molten condition additional fissionable 
material could be added and distributed 
uniformly through the metal. 

Thus pyrometallurgical processing, 
though in its very early development 
stages compared with more conventional 
types, seems to have promise of accom- 
plishing the goals of a processing cycle 
at potentially less cost. To achieve the 
final development of such a process will 
require a prolonged effort on the part of 
metallurgists, chemical engineers, and 
chemists. Effort in this laboratory is 
continuing with experiments on scaling 
up and on the development of continuous 
extractors to operate at this temperature. 


The results with the artificial fissium 
mixtures are not very satisfying owing 
to the lack of agreement in the results. 
Unless some improvements are made in 
this agreement, it may be necessary to 
go back to real fuels of lower burn-up 
and to extrapolate to the expected burn- 
up or to wait until fuels of high burn-up 
are available and have decayed to a level 
of radioactivity which will permit labora- 
tory handling. Other techniques of 
making fissium may be more successful 
and will also be tried. 

Before closing, it would be well to 
point out that this type of processing is 
also uniquely adapted to use with a 
liquid-metal fuel reactor. If the other 


problems which are peculiar to the use of 
liquid-metal fuels are solved, it is prob- 
able that there will be a strong future for 
pyrometallurgical processing in the re- 
processing cycle of a liquid-metal reactor. 
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Use of Zirconium in Liquid-sodium Systems 


F. E. BOWMAN and D. D. CUBICCIOTTI 


The attractive nuclear properties of zirconium make it a highly desirable core material 
for sodium-cooled reactors. The elevated temperature strength while low is sufficient for 
certain applications. Development of higher strength alloys is underway. Sodium in itself 
is completely compatible with zirconium; however, the nonmetallic contaminants, namely 
oxygen, hydrogen, and nitrogen, can effect serious damage. The primary problem in the 
use of zirconium in a sodium system, then, lies in controlling these impurities in the sodium. 


In surveying the field of materials pos- 
sessing potentialities in nuclear reactor 
construction, one is immediately attracted 
to zirconium because of its low capture 
cross section for thermal neutrons. The 
fact that during the initial period of 
reactor design and construction metallic 
zirconium was essentially a laboratory 
curiosity resulted in the use of aluminum 
as the primary metallic nonfuel core 
material. However, with the advent of 
the submarine reactor and the necessity 
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for higher operating temperatures for 
feasible power production, the limitations 
of aluminum were exceeded. Neutron 
economics then demanded that the appli- 
cation of zirconium be completely investi- 
gated. The success of this investigation 
and the subsequent development program 
is amply demonstrated by a survey of 
the literature. 

As the primary objective of the zir- 
conium development program was the 
Submarine Thermal Reactor, or 8.T.R., 
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it was natural that water-corrosion re- 
sistance was of the utmost importance. 
As a consequence, until very recently 
essentially all processing and fabrication 
developments have been directed toward 
eliminating those impurities found to 
be detrimental with respect to corrosion. 
The fundamental objective of the alloy- 
development program also was the com- 
pensation for those deleterious impurities 
which cannot conveniently be removed. 

The current interest in nuclear station-- 
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ary power plants has prompted a re- 
evaluation of power reactors primarily 
promoted by the economic factors im- 
posed by nonmilitary applications. Here 
neutron economy is of even greater 
importance, as is core life. In addition 
power costs are directly related to the 
temperatures involved in the heat transfer 
system and hence to the reactor-core 
operating temperature. Because of the 
advantages to be gained by increasing 
the temperatures in the reactor an 
evaluation of the over-all problem at 
North American Aviation, Inc., has 
resulted in the decision that sodium- 
cooled reactors have advantages over 
water-cooled systems in that the oppor- 
tunities for development in the direction 
of increased operating temperatures are 
much more broad. For this reason, efforts 
have been concentrated upon the sodium- 
cooled graphite-moderated reactor for the 
production of power. 

In selecting the core materials for a 
reactor of this type there are three 
essential requirements, (1) low thermal 
neutron capture cross section, (2) satis- 
factory elevated-temperature properties, 
and (3) compatibility. Breaking down the 
second and third requirements into 
further details, the materials must possess 
satisfactory ‘elevated-temperature me- 
chanical strength; have reasonable heat 
transfer characteristics; be capable of 
fabrication into relatively complex con- 
figurations; be dimensionally stable; be 
resistant to attack by sodium; and be 
able to exist in contact, either direct or 
through sodium, with the inevitable dis- 
similar materials. 

The austenitic stainless steels are the 
obvious choice of available material based 
upon a precursory survey of the problem. 
They satisfy the mechanical-property re- 
quirements and have been found to be 
capable of satisfactory operation in 
sodium at the temperatures under con- 
sideration. The cross section, approxi- 
mately 3 barns, is however a decided 
disadvantage, and in the interest of 
neutron economy the investigation of 
other materials was warranted. 

Here again from the nuclear standpoint 
zirconium appears most attractive. The 
neutron cross section of zirconium (0.18 
barn) is slightly smaller than that of 
aluminum (0.22 barn) and decidedly 
more favorable than the cross sections of 
the stainless steels (about 3 barns). The 
ability of this material to fulfill the other 
requirements may be evaluated from a 
brief survey of its pertinent character- 
istics. 


PHYSICAL PROPERTIES AT 
ELEVATED TEMPERATURES 


The properties of zirconium at both 
room and elevated temperatures are 
significantly affected by the impurity 
level and hence by the method of pro- 
duction. For the purposes of this discus- 
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Fig. 1. Temperature dependence of strength 
of zirconium. 


sion, those properties resulting from the 
current production method, arc-melted 
sponge, will be considered. Figure 1 
indicates the strength characteristics vs. 
temperature of this material, in the form 
of 0.035-in. sheet taken from a production 
run. The rather serious temperature limi- 
tations imposed by unalloyed zirconium 
are readily apparent. If one considers 
that most elevated-temperature applica- 
tions must be designed on the basis of 
creep strength rather than yield or ulti- 
mate strength, this limitation becomes 
even more severe. 

For some time a program directed 
toward improving the elevated-tempera- 
ture strength of zirconium without seri- 
ously sacrificing its nuclear advantages 
has been underway. To date this program 
has had the additional goal of providing 
resistance to hot-water corrosion, a fact 
which has restricted its value to the 
sodium problem to some extent. However 
a few values obtained by Schwope and 
Chubb (1) indicate the potentialities of 
further work. Table 1 contains the 
strength data at 500°C. of several experi- 
mental alloys reported by the authors. 
For comparison purposes the yield stress 
of type 347 stainless steel may be taken 
as 31,000 lb./sq. in. at 500°C. The 
favorable comparison of this with the 
listed values for the zirconium alloys 
indicates the possibilities in the develop- 
ment of zirconium alloys for elevated- 
temperature applications. 


FABRICATION POTENTIALITIES 


Zirconium and a majority of its alloys 
which exhibit promising elevated-tem- 
perature properties have without serious 
difficulty been rolled into plates and 
sheets, the starting material for most 
reactor-component fabrication. Seamless 
tube drawing has presented difficulties, 
primarily because of die seizure. How- 
ever, it has been found that proper 
lubricants can overcome this disadvan- 
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Fig. 2. Partial diagram of the zirconium- 
oxygen system. 


tage. In fact, 0.750-in.-diam. tubing with 
0.010-in. wall thickness has been drawn 
in lengths up to about 14 ft. 

Zirconium is probably one of the easiest 
of the metals to weld if the necessary 
precautions are taken. In the molten state 
and at very high temperatures in the 
solid state the metal is exceedingly 
reactive with both oxygen and nitrogen. 
Both of these gases form compounds 
which are detrimental to the ductility of 
the contaminated metal. As a result, it 
is essential that the weld be well shielded 
with an inert gas. Zirconium welding was 
developed by use of a dry-box technique, 
which seriously limited the operations 
that could be performed. Recently, how- 
ever, at North American Aviation a 
program to develop techniques for the 
automatic welding of relatively large 
components from thin sheets of zir- 
conium, 0.035 in., has been successfully 
carried out. By proper torch design and 
suitable welding fixtures butt welds up 
to 10 ft. long have been made by modified 
heliare methods. Standing lip welds in 
various configurations have also been 
successfully accomplished by hand weld- 
ing. Tensile tests of welded coupons 
indicate that the welds are superior in 
strength to the parent metal. Ductility, 
as measured by bend tests, is superior in 
the weld metal as compared with the 
parent material. Care must be taken, 
however, to avoid an embrittled heat- 
affected zone. This can largely be taken 
care of by proper surface preparation 
prior to welding. The production of 
large-diameter thin-walled tubing is ap- 
parently no problem as this has been and 
is being done essentially on a commercial 
scale. In most cases zirconium can be 
formed cold; however, some of the higher 
strength alloys require heat to facilitate 
the operation. These materials can be 
worked in air for short times at tempera- 
tures up to about 600°C. without seriously 
impairing the properties. It has been 
noted, however, that working at from 
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OXYGEN 
ACTIVITY 


Fig. 3. Schematic diagram of zirconium- 

sodium interface during rapid transfer of 

oxygen. Lower curve shows relative oxygen 
activities. 


100° to 200°C. will appreciably reduce 
the work-hardening rate and thus permit 
a greater amount of essentially ‘“cold”’ 


* work. 


Zirconium has the serious disadvantage 
of forming brittle intermetallic com- 
pounds with practically all the conven- 
tional structural materials. This com- 
plicates its use in applications which 
require the metallurgical bonding of 
zirconium to these other materials as 
part of the structure. It has been found, 
however, that flash welding produces a 
joint, with considerable strength and some 
ductility, between zirconium and _ the 
stainless steels, both ferritic and aus- 
tenitic. Such joints are essential in many 
designs calling for a closed cooling system, 
as zirconium is much too expensive to 
permit its use external to the reactor core, 
where the nuclear advantages are un- 
important. 


COMPATIBILITY 


With regard to the behavior of zir- 
conium and its alloys in dynamic sodium 
it would perhaps be well to consider 
briefly liquid-metal corrosion in general. 
Miller (2) lists the following mechanisms 
by which liquid metals can react with 
certain materials: 

. Solution attack 

. Direct alloying 

. Intergranular penetration 

. Corrosion by contaminants 
. Corrosion erosion 

. Facilitation of self-welding 
. Mass transfer 
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Fig. 4. Schematic representation of oxygen 
activity in sodium at 1,000°F. (upper curve) 
compared with solubility curve. 


At temperatures up to 600°C. sodium 
apparently has no significant solubility 
for zirconium. The reverse of this is 
also true, and so the first two methods 
of possible attack can be eliminated. 
Sufficient stress-rupture work with zir- 
conium and its alloys has been carried 
out to indicate that intergranular pene- 
tration is not a problem. Such tests are 
more conclusive for this type of corrosion 
as grain boundary attack is usually 
accelerated by the application of stress. 

Corrosion by contaminants is the 
principal means by which sodium affects 
zirconium as well as many other materials. 

Zirconium is a very reactive metal at 
high temperatures. It readily takes non- 
metals (oxygen, nitrogen, hydrogen, car- 
bon) away from other metals and for 
that reason has often been used as a 
getter. In the structural applications of 
zirconium these nonmetals are harmful 
and act as corroding agents. 

In the sodium-zooled graphite-moder- 
ated reactor system under study at North 
American Aviation, the zirconium cans 
of the moderator are in contact with 
molten sodium at high temperatures. 
The zirconium is thus susceptible to 
corrosion by any nonmetals that get into 
the sodium-coolant stream, and so the 
effect of such corrosion and the means of 
controlling it are being studied. 


THE ZIRCONIUM-OXYGEN SYSTEM 


Because quite a lot is known about the 
effects of oxygen on zirconium, it is used 


TABLE 1. TENSILE PROPERTIES OF SOME ZR ALLoys aT 500°C. 


0.2% Offset 
yield stress, 


Composition Ib./sq. in. 
Zr 16,000 
2 wt. % Al 32 ,000 
1.2 wt. % Mo 35,800 
2.2 wt. % Nb 35 ,000 
10.4 wt. % Ti 41,200 
3.9% Ti + 1.9% Mo 37 ,600 
4.6% Ti + 0.8% Al 32 ,000 
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Ultimate Elongation, 
stress, lb./sq. in. % 
24 ,000 30 
46 ,000 25 
48 ,010 44 
43 ,000 9 
58 ,300 33 
52,500 30 
46 ,800 23 
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as a typical nonmetal tor this discussion. 
Oxygen is very soluble in alpha zirconium 
to form a solid solution. Domagala and 
McPherson (3) have reported the phase 
diagram shown in Figure 2. Under equi- 
librium conditions at 1,000°F. the solu- 
bility of oxygen in alpha zirconium is 
about 29 atom %. When more oxygen 
is added, it reacts to form the new phase, 
zirconium dioxide. An estimate of the 
activity of the oxygen in zirconium- 
oxygen mixtures is given by the dotted 
line. However if oxygen is added too 
rapidly for equilibrium to be attained, 
then the situation will probably be as 
shown in Figure 3. There the oxygen 
has not been able to diffuse into the metal 
rapidly and a layer of zirconium dioxide 
had formed before the entire metal phase 
became saturated with oxygen. There- 
fore in practice the relative rates of 
diffusion of oxygen in the metal and 
diffusion of oxygen from the sodium to 
the zirconium are important because they 
determine whether or not a layer of 
zirconium dioxide will form on the metal. 
These properties are currently being 
studied. 


THE SODIUM-OXYGEN SYSTEM 


The solubility of oxygen in liquid 
sodium is small, the limits being shown 
in Figure 4 (4). As oxygen is added to 
sodium, it dissolves until the solubility 
limit is reached and then sodium mon- 
oxide begins to precipitate. The activity 
of oxygen dissolved in sodium at 1,000°F. 
is given in a general way by the curve at 
the bottom of the figure. 

The state of the oxygen dissolved in 
the sodium is not as Na.O but probably 
as O-. In zirconium metal the dissolved 
oxygen is also O-. Therefore the transfer 
of oxygen from sodium to zirconium 
probably does not involve any change of 
the state of the oxygen. 

When liquid sodium and zirconium are 
put in contact, the oxygen will transfer 
from one metal to the other until the 
oxygen activity is equalized in the two 
metals. In Figure 5 a schematic compari- 
son of the oxygen pressure in equilibrium 
with sodium-oxygen and zirconium-oxy- 
gen mixtures is given. As the oxygen 
pressure over a mixture of sodium and 
zirconium at 1,000°F. is increased, 
oxygen dissolves in both metals, but to a 
greater extent in zirconium. At a certain 
pressure (roughly 10-* atm.) zirconium 
dioxide begins to form, and at slightly 
higher pressures all the zirconium is in the 
form of zirconium dioxide, while only a 
fraction of a per cent of oxygen is in the 
sodium. Further increases in oxygen 
pressure eventually convert the sodium 
to sodium monoxide (complete at about 
10-*° atm.). 

The significant feature of this diagram 
is that the zirconium system is far 
below the sodium system. To maintain 
the oxygen concentration in zirconium at 
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Fig. 5."Comparison of oxygen pressure in equilibrium with sodium-oxygen and zirconium- 
hugs oxygen mixtures. 


an arbitrary low value, it is necessary to 
hold the oxygen in the sodium to an 
extremely low value; for example, to hold 
the oxygen in zirconium to 0.5 wt. %, 
the oxygen in sodium must be kept below 
10-” wt. % or so. These estimates are 
open to a great deal of uncertainty, but 
the over-all principle is apparent. 

It must be remembered, however, that 
thermodynamic considerations forecast 
equilibrium conditions. The rate at which 
these conditions are realized must be 
determined by other means. It is obvious 
that oxygen contents of the order of 
10-” % in sodium cannot be attained. 
The life, then, of zirconium in a sodium 
system is necessarily determined by (1) 
maximum tolerable concentration of the 
nonmetallic in zirconium based on its 
effect on physical properties and (2) the 
rate at which this concentration level is 
reached. This rate is determined by 
one of two diffusion processes: the 
diffusion of O- in zirconium or in ZrOs. 
Fundamentally it would be interesting to 
know the conditions under which each 
process becomes dominant but practically 
it is the end effect that is of utmost 
importance. 

The experimental effort, therefore, has 
been directed primarily toward obtaining 
strictly engineering data. It has been 
found that with oxygen levels in sodium 
above about 0.005 wt. % the rate of 
weight gain with zirconium is essentially 
independent of the level. This amounts 
to approximately 0.50 mg./(sq. em. of 
surface area) (month). The data appear to 
follow a parabolic rate law. In addition 
to the weight gains noted, evidence of 
diffusion of oxygen into the metal is 
given by a definite increase in surface 
hardness as determined by microhardness 
measurements. The depth of penetration 
as measured by this technique appears to 
proceed at about 0.0015 in./month at 
1,000°F. There are, as yet, insufficient 
data to establish the actual oxygen con- 
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centration gradient represented by this 
hardness change. A serious loss in room- 
temperature ductility in this hardened 
layer is, however, indicated. Such em- 
brittlement results in a serious loss in 
fatigue strength in a_ notch-sensitive 
material such as zirconium. Fortunately 
this hardening and embrittling effect dis- 
appears for oxygen contents encountered 
this far at the elevated temperatures 
contemplated for the applications. How- 
ever, in view of the relatively high solu- 
bility of oxygen in zirconium it is apparent 
that with time the oxygen level could 
reach the point when the effect of tem- 
perature is no longer so pronounced and 
serious trouble could be anticipated. 

It is, then, obvious that in reactor 
systems, in which the occasional intro- 
duction of contaminants such as oxygen 
is an inherent possibility, provision must 
be made for maximum protection for 
the zirconium. In order to provide such 
protection two possible approaches are 
available. The concentration of oxygen 
(and other nonmetals) in the sodium 
must be reduced to and maintained at a 
minimum. A nonreactive and impene- 
trable barrier may be applied to the 
zirconium. 

The concentration of oxygen in sodium 
can be reduced by (a) cold trapping and 
(b) gettering. Cold trapping works on the 
principle that cooling the sodium will 
precipitate out sodium oxide. In Figure 
3 one sees that the solubility of oxygen 
in sodium decreases rapidly as the tem- 
perature is lowered. The lowest tempera- 
ture that can be used is the melting point 
of sodium, and there the solubility is 
0.003 wt. % oxygen. However, as we have 
seen, to protect zirconium a much lower 
oxygen concentration is required. An 
alternate method is to introduce a more 
reactive metal than zirconium to getter 
the oxygen. A number of getters in small- 
scale capsule tests have been investigated. 
The results with these are given in Table 
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2. Zirconium-titanium alloy seems most 
promising at present. In the future it is 
planned to run a sodium loop with a hot 
section containing this alloy to test its 
effectiveness. 


TaBLe 2. GETTERS FOR PROTECTING ZiR- 
CONIUM FROM OXYGEN IN SopiuM 


(All tests made at 1,200°F. in stainless 
capsules for 1 month) 


Getter Effect 

Al Alloyed with Zr and attacked it 
badly 

Mg Alloyed—some attack 

Ca Alloyed—seemed to protect Zr 
slightly 

Th Seemed to protect—no apparent 
effect on Zr 

Zr-Ti Seemed to protect—no apparent 
effect on Zr 


The other method mentioned for pro- 
tecting the zirconium is to provide a 
barrier that will prevent the oxygen from 
contacting the zirconium. Such a barrier 
might be a metal plating or a nonmetal 
layer of some sort. A useful plate would 
have to be insoluble in the zirconium 
as well as in the sodium so as to remain 
on the surface. A metal plating would 
therefore have to be of a nonalloying 
metal. Alternately, a nonmetal coating 
would have to be nonreactive. For in- 
stance, zirconium dioxide would not do, 
as the oxygen would diffuse into the 
zirconium. Very little has been done in 
this area. 

To summarize briefly, it appears that 
the nuclear advantages of zirconium 
can be utilized in sodium-cooled reactors 
if proper provisions are made to accom- 
modate for the nonmetallic impurities. 
Oxygen and hydrogen in particular are 
readily introduced into sodium and are 
readily removed by solution in any con- 
tacting zirconium at elevated tempera- 
ture. A serious loss in physical properties 
is possible if such a reaction is permitted 
to proceed to any extent. Contaminant 
removal from the sodium by proved 
trapping methods and the possibility of 
barrier coatings on the zirconium promise 
to guarantee a satisfactory life for zir- 
conium components of systems now 
contemplated. 
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Estimation of Heat Sources in Nuclear Reactors 


LLOYD G. ALEXANDER 


Oak Ridge National Laboratory, Oak Ridge, Tennessee 


Knowledge of local heating rate: is needed for estimation of operating temperatures, 
thermai stresses, and cooling requirements in nuclear reactor components. Heat is liberated 
by the dissipation of the energy of fission fragments, beta particles, fast neutrons, and 
gamma photons. Heating rates are formulated in terms of either neutron or gamma flux 
densities, the corresponding collision probabilities, and appropriate energy transfer coeffi- 
cients, the forms of which are given. Special methods of estimating the flux densities are 
discussed. The data on the magnitudes of the various energy sources are reviewed. 


The designer of nuclear reactors needs 
to know the local rates of heat liberation 
in the various reactor components in 
order to estimate temperatures, cooling 
requirements, thermal stresses, corrosion 
rates, radiation-damage annealing rates, 
and temperature-dependent reactivity 
changes. The heat-liberation rates can be 
formulated in terms of the local neutron 
and gamma fluxes, ¢, and ¢,. Admittedly, 
values of these are not eusily come by; 
nevertheless, recent progress in neutron- 
and gamma-particle transport theories 
makes it possible to treat many systems 
of interest to engineers. It is the purpose 
of this paper to formulate the heat- 
liberation rates and to indicate methods 
of estimating the fluxes. 


ENERGY SOURCES AND MODES OF 
LOCAL DEPOSITION OF HEAT 


Heat is liberated in reactors by the 
dissipation of the kinetic energy of fission 
fragments, beta particles, gamma _ pho- 
tons, and neutrons. These particles, in 
penetrating matter, collide with electrons 
and atomic nuclei and impart energy to 
them. In some collision processes part of 
this energy is reradiated, but for the 
most part it is rather rapidly degraded 
into thermal motion of nuclei and elec- 
trons in the macroscopically near vicinity 
of the collision. 

Fission fragments, primary gamma, pho- 
tons, and neutrons result directly from 
fission. Fission fragments emit beta par- 
ticles and gamma photons by radioactive 
decay. Neutrons diffuse through the reac- 
tor and generate gamma photons by in- 
elastic collisions with and absorptions in 
various nuclei. Photons arising from all 
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these processes may experience many 
scattering collisions, losing all or part of 
their energy at each collision. 


Fission-fragment and Beta-decay Energy 


According to Shapiro (18), two and 
occasionally three heavy particles result 
from the fission of U** by thermal 
neutrons. Hanna (1/1) critically examined 
the data as of 1950 and concluded that 
the most probable value for the average 
kinetic energy of the fission fragments 
E;, lies in the range 168 - 5 mev./fission. 

Because of their high charge, fission 
fragments have short ranges (18). Accord- 
ingly, from a macroscopic point of view 
their energy is dissipated at the point of 
fission. 

Way (23) estimated the energy released 
by the beta decay of fission fragments 
E;;g to be 7 mev./fission. Effective ranges 
are of the order of 1 mm. or less in reactor 
materials; hence, the beta energy is also 
liberated very near the point of fission. 

The sum £, of the fission-fragment and 
beta-ray energies is thus about 175 
mev./fission. The heat-release rate is 
proportional to the number of fissions per 
unit volume per unit time and may be 
formulated as follows: 


+ 


En=0 
= / dE,, (1) 


En=0 


Here @¢,(E,) represents the energy- 
dependent neutron flux density, i.e., total 
path length (em.) traversed by neutrons 
having energy £,, (mev.) per unit volume 
(ec.) per unit time (sec.) per unit energy 
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range (mev.), and 2,(E,) is the prob- 
ability, per centimeter of travel, that a 
neutron of energy E, will experience a 
collision resulting in fission. The integra- 
tion is carried over all energies; however, 
there are negligibly few neutrons having 
energies greater than 7 mev. In thermal 
reactors the great majority of the flux 
is concentrated into a narrow band 
around the temperature of the medium. 
Furthermore, the fission cross section 
>,(E,,) decreases rapidly with increasing 
neutron energy. Accordingly, in thermal 
reactors the integral is approximated very 
well by the product of the thermal flux 
(say, the flux lying between 0.0 and 0.1 
ev.) and the fission cross section evaluated 
at the temperature of the medium. The 
thermal flux may be denoted by @¢,(th), 
whence 


¢,(th) = ¢,(E,) dE, (2) 
“0.0 


Using Equation (2) and converting to 
B.t.u./(hr.) (eu. ft.) gives Equation (1) 
in the form, for thermal reactors, 


G; (Gey (hr.)(eu. ft.) 


= 2.70 X 10° °S,(th)¢,(th) (3) 


Neutron Energy 


Three processes by which neutrons 
impart kinetic energy to atomic nuclei 
are (a) absorption, (b) elastic scattering, 
and (c) inelastic scattering. 

In an absorption collision the neutron 
enters and combines with the target 
nucleus N, forming the next higher 
isotope NV’. The nucleus is ‘“‘knocked on,” 
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and its velocity is readily calculated from 
a simple momentum balance. 

Defining 6,, as the average fraction of 
the kinetic energy of the incident neutron 
appearing as kinetic energy of the target 
nucleus after a capture collision, one has 


dnc = Ey: /E, = m/(M+m) (4) 


where m denotes the atomic mass of the 
neutron, M the atomic mass of the target 
nucleus, and Hy, the average postcollision 
kinetic energy of the nucleus. 

The remainder of the neutron kinetic 
energy plus the binding energy is released 
in the form of a series of so-called ‘‘cap- 
ture’ gamma photons of decreasing 
energy. The N’ isotope may be radio- 
active and may decay by beta-gamma 
emission. Later sections deal with heat 
release from these sources. 

The local heating effect due to the 
capture of fast neutrons is thus 


Gre = AE, (5) 
Eo 


where E, denotes the energy of the 
neutrons and where 2,, is the so-called 
“macroscopic” neutron-capture cross sec- 
tion. It is the probability that a neutron 
will experience a capture collision per unit 
length of travel. The lower limit of inte- 
gration, Ho, is chosen sufficiently high so 
that Equation (5), derived on the assump- 
tion that the energy of the target nucleus 
prior to the collision is negligible in com- 
parison with the initial neutron energy, 
remains valid but also sufficiently low so 
that only a negligible portion of the 
neutron energy remains to be transferred 
at energies less than Ep. 

The transfer coefficient 6, of Equation 
(4) is small except in materials having low 
atomic mass. Moderator materials have 
low atomic mass (12 or less), but they 
are selected, for reasons of neutron 
economy, from among materials having 
low capture cross sections in comparison 
with their scattering cross sections. For 
all materials the capture cross sections 
tend to become small at high neutron 
energies, while at low neutron energies, 
where the cross sections may be appre- 
ciable, the energy available for transfer 
is small. Thus it turns out that the con- 
tribution G,, of neutron capture to the 
local heating rate is always small com- 
pared with the heat released by neutron 
elastic scattering and the dissipation of 
gamma energy. Neutron captures cannot 
be neglected, however, because of the 
accompanying emission of high-energy 
“capture” gammas, which will be con- 
sidered in a later section. 

In elastic collisions the neutron does 
not react with the nucleus, and both 
momentum and kinetic energy are con- 
served. The appropriate balances are 
most conveniently formulated in the 
center-of-mass system of coordinates. By 
combining these and transforming the 
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results to the laboratory system of 
coordinates, Glasstone and Edlund (7) 
obtained a result that may be put into 
the form 


M? + 2Mm cos 6 + m’ 
(M + m)’ 


where E,’ is the postcollision neutron 
energy and @ is the angle of scattering 
in the center-of-mass system. Since 
kinetic energy is conserved in the collision, 
it follows that 


Ey/E,, 1 E,'/E,, 


E,’/E, = 


where Ey is the postcollision energy of 
the target nucleus. 

The scattering is usually isotropic in 
the center-of-mass system; hence the 
probability P(@) d@ that a neutron will 
be scattered elastically through an angle 
4 into angle dé is related (7) to the angle 
6 by 


P(6) d@ = sin 6 d6/2. 


By definition the average fraction 6,, 
of neutron energy E, converted into 
kinetic energy Ey of the target nucleus 
is given by the integral 


0 
which leads to the simple result that 


8,6 = (1 — a)/2 (6) 


where 


a = [((M — m)/(M + 


The elastic-collision heating rate is 
formulated similarly to Equation (5): 


Gre = (1) 
Eo 


The lower limit EZ) may be taken at about 
0.01 mev. G,, must be summed with 
respect to all kinds of atoms present in 
the medium. 

If the compound nucleus formed by 
the interaction of a neutron with a target 
nucleus decomposes by the emission of 
another neutron, the net result is equiva- 
lent to the scattering of the incident 
neutron. The nucleus however is left in 
an excited state, kinetic energy is not 
conserved, and the scattering therefore 
is inelastic. 

The neutron energy may be reduced 
severalfold as a result of the collision. 
The major portion of this energy loss 
appears as energy of excitation of the 
nucleus and is rather quickly radiated in 
the form of “inelastic-scattering”’ gammas. 
The kinetic energy acquired by the 
nucleus is generally less than that which 
it would have received by capture of the 
neutron. This kinetic energy, which is 
the only part of the energy transferred 
that appears locally as heat, is small in 
comparison with that released by dissi- 
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pation of gamma energy for the same 
reasons that the corresponding contribu- 
tion from neutron capture is small, except 
that the cross sections for inelastic 
scattering may be larger than for capture. 
At present writing it is not clear that the 
local contribution to the heating rate 
of the inelastic-scattering process is 
always negligible. In any event, the 
process cannot be neglected because of 
the accompanying emission of gamma 
rays, which sometimes makes the single 
most important contribution to the local 
heating rate (26). This aspect of the 
process is considered further in a later 
section. 


Energy Release by Beta Decay of 
Activated Nuclei and Related Processes 


Nuclei rendered unstable by the capture 
of a neutron may emit alpha, beta, or 
other particles as well as gamma photons. 
Beta emission is the most common mode 
of decay. For a given transition the beta 
particles are emitted with energies ranging 
continuously from zero up to some 
characteristic maximum EH,(max) which 
is the most commonly tabulated value 
(12, 14). As the contribution to the local 
heating from beta decay of activated 
nuclei is usually small compared with 
other contributions, it is generally suffi- 
ciently precise (12) to take the average 
electron energy to be 144 H,(max). Thus 
the local heating rate due to “capture” 
betas becomes 


0 
NiBpi(max)/3 (8) 


where JN, is the number of betas of charac- 
teristic energy Eg;(max) emitted per 
neutron capture in the decay chain 
involving 7 groups of betas. The decay 
process may proceed through several 
isomeric states and atomic numbers. It 
should be noted that the contribution 
from “thermal” neutrons in Equation (8) 
may be large and override the contribu- 
tion from fast neutrons. 

The contribution of beta decay to the 
local heating rate is negligible in all 
moderators except possibly light water. 
It may become appreciable in structural 
materials, fuel diluents and clad, coolants, 
and other materials exposed to high 
thermal neutron fluxes when these have 
appreciable capture cross sections, as in 
stainless steels. 

The isotopes Li® and B'° emit alpha 
particles following capture of neutrons. 
As the capture cross sections are large and 
as nearly all the kinetic energy of the inci- 
dent neutron plus the binding energy 
appears as kinetic energy of the product 
nucleus (there being only a weak capture 
gamma ray emitted by B, none by Li), the 
local heating may become important if the 
concentrations of these nuclides become 
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appreciable. The effect is computed by 
means of Equation (8), but the summa- 
tion is replaced by the sum of E, and the 
energy equivalent of the mass change, 
which for Li® amounts to 4.78 mev. and 
for B'° to 2.31 mev. 


Gamma Heating 


Gamma photons penetrating matter ex- 
hibit three interaction processes: (a) 
photoelectric effect, (6) pair production, 
and (c) Compton scattering. 

In the first process a photon transfers 
all its energy to an electron, which is 
“knocked on” and dissipates its energy 
in the immediate vicinity. The probability 
that a photon will experience such a 
collision per unit length of travel is 
denoted by u,-(#,). When the atom from 
which the electron was ejected acquires 
another electron in its place, an X ray of 
low energy is emitted; however, about 
95% of these are reabsorbed inside the 
atom, and an Auger electron of low 
energy is ejected from among the outer 
valance electrons. This electron also dissi- 
pates its energy in the vicinity. Various 
other energy-“dribbling” processes may 
occur, but the net effect is that all the 
energy of the primary gamma photon is 
dissipated as heat in the vicinity of the 
collision. Thus the fraction 6,,, of initial 
gamma energy EH, dissipated is unity. 
Consequently the heating rate due to 
photoelectric collisions of gamma photons 
is given by 


Gre = aE, 


where EH, denotes the energy of the 
gamma photon and ¢,(#,) denotes the 
energy-dependent gamma flux. 

Photons having energies in excess of 
1.02 mev. may interact with the coulomb 
field of a nucleus and produce an “electron 
pair.”’ The probability of pair production 
per unit length of travel is denoted by 
H,,(#,). The resulting particles dissipate 
their kinetic energy near the point of 
production. The positron ultimately com- 
bines with an electron forming two 
photons having energies approximately 
0.51 mev. each. These may penetrate 
some distance from the point where the 
pair production occurred. The nucleus 
involved in the collision also acquires 
some energy. The net result is that 
(EZ, — 1.02) mev. of energy is dissipated 
at the point of collision. Thus 6,,,, the 
fraction of photon energy EF, dissipated 
locally, becomes 


= (E, — 1.02)/E,; 
E, > 1.02 (10) 


The heating rate due to pair production 
takes the form 


(11) 
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The lower limit is taken as zero for later 
convenience, but u,,(#,) is zero for E, 
less than 1.02 mev. 

Compton scattering is the scattering 
resulting from an elastic collision of a 
photon with an electron. For this process 
Compton derived the following relation 
between the scattering angle @ and the 
energies HZ, and E,’ of the photon before 
and after collision: 


1 
1+ E,(1 — cos 0)/(me’) 
(12) 


E,’/E, 


Since the collision is elastic, kinetic 
energy is conserved, and 


Ey _ E, 


E, 


where Hz, is the energy of the electron. 
The probability that a photon will be 
scattered through an angle @ into angle 
d@ is given by the Klein-Nishina form- 
ula (10), which may be put into the form 


P(6) dé = K(E,' /E,) ((E,/E,’) 

+ (E,’/E,) — sin’ 6]sin 6d@ (14) 
where K is a normalization constant such 
that 

P(6) do =1 
0 


The fraction 6y,(Hy) of the energy of 
the incident photon that appears as 
kinetic energy E, of the beta particle is 
given by | 


8,.(B,) = [ B,'/E,)P(@ a0 
(15) 


The integral has not been reduced to a 
convenient algebraic form but has been 
evaluated. (See Equations (18) ff.). 
The energy deposition due to Compton 
scattering may be formulated as follows: 


Gye = ab, 
0 

(16) 

Summing the gamma heating contribu- 


tions given by Equations (9), (11), and 
(16) gives 


Gy = (bY + 6 y 


+ dE, (17) 


where the F,’s have been omitted in the 
parenthesis for brevity. Substituting from 
Equation (10) and rearranging, while 
keeping in mind that u,, vanishes for 
energies less than 1.02 mev. and that 
Hye 18 unity, one finds 


G, = ak, 


/ (Ey) dE, (18) 
where 
u(Ey) = + Mop yclte (19) 


The quantity u.(#,) appearing in the 
left-hand integral, divided by the density 
of the medium, has been graphed by 
Snyder and Powell (20) as a function of 
E, for various materials. Their coefficient 
— a, is identical with It is 
called the energy absorption coefficient. 
If the so-called “annihilation photons,” 
resulting from the neutralization of the 
positron, are assumed to be absorbed in 
the vicinity of the point of pair produc- 
tion, one may neglect the right-hand 
integral provided the annihilation photons 
are not included in the gamma flux 


$,(E,). 


NEUTRON FLUX DISTRIBUTION 


The neutron diffusion and transport 
theories yield descriptions of the spectral 
and spatial distributions of the neutron 
fluxes ¢,(E,). These theories have been 
discussed elsewhere (7) and will not be 
considered here in detail. A one- or 
two-group diffusion calculation will suffice 
to describe the ‘‘gross” variation of the 
thermal flux in many thermal reactors 
with sufficient precision for calculations 
of G,. If ¢,(th, 0) is the flux at some 
reference point in a homogeneous reactor 
(say the center) and f(r) denotes a 
function, obtained from diffusion theory, 
describing the spatial variation of ¢,(th, r) 
where r denotes the radius vector from 
the reference point, such that 


$,(th, r) = ¢,(th, o)f(r) (20) 


by Equation (3) it follows [by use of the 
notation of Equation (20)] that 


G(r) = Adg,(th, )fMz(th,r) (20) 


where A is a proportionality factor. The 
heat output from the reactor due to 
fission fragments Q; is obtained by inte- 
grating G;(r) over the volume of the 
fuel-bearing part of the core. 


TABLE 1 
Geometry f(r) Go/Gavg 
Sphere of radius R sin (rp/R)/(xr/R) 3.29 
Cube of side A cos (rx/A) cos (ry/A) cos (rz/A) 3.64 
Right cylinder of radius R Jo(2.405p/R) cos (xz/2R) 3.87 
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where V;, denotes the volume of the fuel 
region. Substituting from Equation (21) 
and solving for Ad@,(th, 0) gives 


Q, 


A@,(th, 0) = 
f(r) B,(th, dV 
Vs 


Replacing this in Equation (21) gives 
G(r) = Q,f(r)Z (th, 7) 
r) dV 
Vs 


(22) 


The energy available from fission frag- 
ments (kinetic and beta decay) is about 
175 mey./fission. The total energy per 
fission is about 200 mev. Thus Q; is about 
87% of the total reactor heat output, Q,. 
The balance of Q, is generated by fission 
gammas (7.5 mey.), fission-fragment- 
decay gammas (6 mey.), fast neutrons 
(5 mev.), capture gammas and betas 
(7 mev.). The particles bearing this 
energy (about 25 mev.) tend to leak out 
of the fuel-bearing zones and to liberate 
heat in the coolant, reflector, thermal 
shield, pressure shell, and _ biological 
shield. However, in the designing of the 
fuel-bearing core, it is sufficient and con- 
servative to assume that all the reactor 
heat Q, of a reactor is realeased in the 
fuel and that it has the same spatial 
distribution as Q,. 

The function f(r) has been evaluated 
by Glasstone and Edlund (7) for certain 
bare, homogeneous, thermal reactors of 
simple shape, with 2,(th, r) uniform. 

Integrating the given functions over 
the corresponding geometric forms readily 
yields the ratio of the maximum heat- 
release rate Gp to the average rate G,,,. 
Values are listed in Table 1. The presence 
of moderating reflectors, control elements, 
structural materials, coolants, ducts, and 
nonuniform loading (variable 2;) modify 
these simple distributions. Space does not 
permit treatment of these effects, but it is 
important to reduce G,/G,,, so that a 
larger fraction of the core may operate at 
or near the limiting conditions and so 
that burn-up of nuclear fuel and accom- 
panying effects will be more uniform. 

Glasstone and Edlund point out that 
the functions Jo(x) and (sin x)/x are 
rather similar to cos x and may to a good 
first approximation be replaced by cos 2. 

In order to increase resonance escape 
in low-enrichment uranium reactors, the 
fuel is sometimes segregated from the 
moderator. Fast neutrons, released by 
fission in the fuel, have a high probability 
of escaping into the moderator, where 
they are quickly slowed down without 
exposure to resonance absorption in U2%, 
In the O.R.N.L. graphite reactor this 
result is achieved by use of metallic fuel 
rods about 1 in. in diameter arranged in 
an 8-in. square array in a matrix of 
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graphite. The fuel has negligible moderat- 
ing properties; neutrons are “‘thermalized”’ 
almost entirely in the graphite and diffuse 
thence back into the fuel, there causing 
further fissions. As a result, there is a 
local gradient in the flux density both 
in the moderator and in the fuel super- 
imposed on the gross flux distribution of 
Equation (20). Some reactors, which are 
heterogeneous from a phase standpoint, 
such as the M.T.R., are really homo- 
geneous from a nuclear standpoint, there 
being negligible local gradients in the 
neutron flux in the moderator and fuel. 

Neutron-diffusion theory has been 
employed in the calculation of thermal 
flux distributions in fuel elements in 
heterogeneous reactors (7). The basic 
equation is 


+ S,(th, p) = dn/dt 


where 7 is the number of thermal neutrons 
per cubic centimeter, S, is the volume 
source of thermal neutrons (due to 
slowing down of fast neutrons) in neutrons 
per cubic centimeter per second, D is 
the neutron-diffusion coefficient, 2, is 
the neutron-absorption coefficient (the 
so-called “macroscopic” absorption cross 
section), and ¢ denotes time. In the 
steady state 0n/dt is zero; in the fuel S,, 
is zero. The solution, in polar coordinates 
(corresponding to the case of an infinitely 
long fuel rod immersed in a uniform 
external flux), is 


p) = (23) 


where p is the distance from the axis of 
the fuel rod and B is an arbitrary constant 
whose magnitude is proportional to the 
power level at which the reactor is 
operating and which may be evaluated 
by multiplying the gross flux distribution, 
f(r) of Equation (20), by the local varia- 
tion ¢,(th, p) and proceeding through the 
operations indicated in Equation (22) to 
evaluate the product AB®@,(th, 0) in 
terms of Q,. 

Using Equation (23), Alexander (2) 
calculated the temperature distribution 
in fuel rods and plates and compared the 
results with temperature distributions 
calculated from flux distributions meas- 
ured experimentally by Woods and 
Biehl (24). As expected, the agreement is 
only fair, since diffusion theory applies 
poorly in cases where the neutron mean 
free path is appreciable compared with 
the dimensions of the system being 
studied. 

In the design of fuel elements it is 
customary and conservative practice to 
assume that all the fission energy (200 
mev./fission) is released in the fuel. In 
estimating heat release in moderator, 
coolant, pressure shell, and shield, how- 
ever, it is necessary to estimate the leak- 
age out of the fuel zone of energy associ- 
ated with fast neutrons and gamma rays. 
A fair estimate of the fast-neutron spectral 
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distribution as a function of position in 
the moderator of heterogeneous reactors 
employing long fuel rods may be had 
from the “Fermi age” treatment (7) of 
simple models, e.g., an infinite matrix of 
line sources with negligible capture of 
fast neutrons in U2® and U2 and only 
weak capture in the moderator. The flux 
at radius p from a single infinite line 
source of strength S, nascent neutrons 
per unit length per unit time immersed in 
infinite moderator is given by 


1 
= 
S,P(B,)p(E,, E,) dB, 
4nr(H,, 
-exp [—p’/47(E,, E,)] (24) 


where EF, is the energy of the nascent 
neutrons, P(E.) their spectral distribu- 
tion, p(E,, E,) the capture-escape prob- 
ability, and 7(E,, E,,) the Fermi age. 


P(E.) = 0.484(sinh V/22E,) exp (—E,) 


Es 


E,) = exp (—f 


E, 

T(E,, E,) = D dE 
Here é is the average logarithmic energy 
decrement of neutrons per collision; D is 
the diffusion coefficient; 2, and >, are 
the absorption and total cross sections 
respectively. 

The flux at any point in the moderator 
is constructed by summing the contribu- 
tions given by Equation (24) for all line 
sources. 

Alternatively the Monte Carlo tech- 
nique (17) permits treatment of the 
spatial variation of the fast flux for the 
case of strong absorption in fuel, modera- 
tor, control elements and leakage out of 
the reactor, provided the fission-rate 
density in the fuel can be estimated by 
some means, e.g., by a multigroup 
diffusion calculation on a “homogenized” 
model of the core. In the Monte Carlo 
method the events in a neutron “life 
history” are selected by random sampling 
from an appropriate distribution. Initial 
neutron energies are selected from the 
fission-neutron spectral distribution, a 
flight direction is established, the coordi- 
nates of the first collision are found, kind 
of nucleus and type of collision are 
selected, postcollision neutron energy and 
new flight direction are determined. The 
history is followed until the neutron is 
absorbed or escapes from the reactor. 
The process is repeated until a sufficiently 
large number of cases has been obtained 
to permit a statistical analysis of the 
spatial and spectral distributions of the 
fast flux. 

The technique is applicable to the 
calculation of fast fluxes in moderator, 
core vessels, shields, reflectors, thermal 
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shields, pressure shells, biological shields, 
etc. However, unless simplifications are 
introduced, especially geometric sym- 
metries, the number of histories required 
may be excessive even for an electronic 
computer. 


GAMMA-RAY-FLUX-DENSITY DISTRIBUTIONS 


Compton scattering greatly compli- 
cates the estimation of gamma flux 
densities. The process is not isotropic and 
the energy decrement of the scattered 
photon is strongly dependent on the scat- 
tering angle. Photons scattered through 
small angles retain most of their original 
energy and may penetrate to remote 
regions of the reactor. Photons scattered 
through large angles suffer large energy 
losses, and their penetrating power is 
greatly reduced. 

The important primary gamma sources 
are the fission process, the decay of 
fission fragments, neutron captures, in- 
elastic-scattering collisions of neutrons. 
Compton scattering is the most important 
secondary source. At many points of 
interest, indeed at most, the contribution 
to the gamma flux made by scattered 
photons is many times greater than that 
of unscattered photons. 

In principle, the gamma flux may be 
constructed by integration over the 
gamma sources. The vector coordinates 
of a point in the reactor may be denoted 
by r and the gamma flux density in 
photon centimeters per second per cubic 
centimeter per mev. by ¢,(E,, 7), r’ de- 
notes another point in the reactor, a vol- 
ume increment about r’ is denoted by 
dV,’, and the total gamma _ source 
strength in photons per second per centi- 
meter at r’ is denoted by S,(r’). P(E,, r’) 
dV,’ may be considered the conditional 
probability that a photon will be emitted 
from, or scattered out of, dV,’ per mev. 
with energy E,. P(r’, r) may be consid- 
ered the probability that the photon will 
be emitted per steradian in the direction 
of r. The probability that a photon per 
centimeter of travel will be removed from 
the beam, denoted by yu,(E,), is simply 
the sum of the probabilities of the photo- 
electric, pair-production, and Compton- 
scattering collisions. 


= (Hy) 

+ + u(E,) (25) 
The probability P(r’ > r) that a photon 
will arrive uncollided at r is thus simply 
(in homogeneous, isotropic media) 
P(r’ > r) = exp — r |)] 


where |r’ — r| denotes the scalar distance 
between r’ and r. It follows that 
¢,(Z,,7) = [ S,(r’)P(E,, 7’) dV,’ 
‘P(r’, r) exp — |)] (26) 
Vol. 2, No. 2 


The primary gamma sources are iso- 
tropic, and for these P(r’, r) has the value 
of 14m per steradian. In the case of the 
scattered-gamma source, P(r’, r) is a 
complicated function of the “directed” 
gamma flux ¢, (E,, Q, 7’), which is defined 
as the gamma flux at r’ contributed by 
photons of energy EF, moving in the 
direction Q. It has units of photon-centi- 
meter per second per cubic centimeter per 
mev. per steradian. Thus the construction 
of the flux ¢,(#,, r) at r requires a 
knowledge of the more complicated flux 
¢,(E,, Q, 7’) everywhere else. Conse- 
quently, a general formulation of ¢, 7) 
does not seem feasible. 

The Monte Carlo technique may be 
applied to this problem (/7). Suppose the 
histories of a sufficient number of primary 
photons of energy EF,’ are determined to 
define F(H,’; r’ — r) identified as the 
average fraction of the energy E,’ of 
photons originating at 7’ that is dissi- 
pated at r per cubic centimeter. The 
heating rate is now readily formulated as 
follows: 


G, 
-P(E,’) dE,! E,'F(E,’;7’ 37) 


where S,,(r’) is the primary gamma- 
source strength. 

In principle, F(E,’; r’ — r) may be 
evaluated for any case howsoever com- 
plicated in geometry or heterogeneity, but 
the sheer magnitude of the computational 
labor may render the method impractical. 
The simplest case is that of an infinite, 
homogeneous, isotropic medium. Life his- 
tories are generated in the usual manner 
and an account is kept of the amount of 
heat liberated and of the radial distance 
R of each collision from the point of 
origin. From these data it is easy to 
salculate the fraction f(Z,’, R) dR of the 
energy EH’ of the original photons that is 
released inside a spherical annulus of 
radius R and thickness dR. The volume 
of such an annulus is 47 R? dR, from which 
it follows that F(E,’; r’— r) is given by 


F(E,’;1r’ 1) 


_ fe,’ (28 

A general solution of the foregoing case 
has been obtained by Goldstein and 
Wilkins (8) along lines laid down by 
Spenser and Fano (2/). Briefly, the 
method consists in expanding the directed 
flux ¢,(E,, Q, 7) in a series the terms of 
which are products of Laguerre and 
Legendre polynomials. The directed flux 
is integrated with respect to all directions 
to remove the angular dependency, then 
multiplied by the distance from the origin 
raised to integral powers. The product is 
integrated over all space to express the 
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spatial dependence in terms of the 
“moments” of the flux, which are then 
used to evaluate the arbitrary coefficients 
in the original series in the usual way by 
application of the boundary conditions 
and utilization of the orthogonal proper- 
ties of the Legendre polynomial. Having 
constructed the flux ¢,(£,’, r) due to a 
monoenergetic unit point source (1 pho- 
ton/sec. of energy E,’) at r’, Goldstein 
then computes the fraction of the energy 
E,’ released at r. This of course is identical 
with F(E,’, r’— r) defined above. The 
results are reported in terms of an energy 
absorption build-up factor B,(2o, wor), 
where E, is E.,’ in the notation used here, 
Mo is u.(E,’), r is |r’ — rl, and B, is 
defined in such a way that 


F(E,’, 71) 


4rr(| |)? ) 


-exp — r |)] (29) 


Here y, is the energy absorption coefficient 
defined by Equation (19). Values of B, 
as a function of EH,’ and |r’ — r| are 
tabulated for a variety of materials by 
Goldstein (8). Taylor (22) has proposed 
an empirical correlation exponential in 
|r’ — r| which is conveniently applied to 
problems in gamma heating in pressure 
shells and thermal shields (1). 

Conceivably the function F(Z,’, |r’ — r|) 
could be evaluated experimentally. Small 
radiation sources of various energies could 
be moved about in a mock-up of the 
system under study and the heat libera- 
tion at various points of interest meas- 
ured. If a direct thermal measurement is 
made, the measuring instrument would 
have to be extremely sensitive or else 
the radiation-source strength would have 
to be inconveniently large. 

The mathematical difficulties in esti- 
mating gamma heating may be con- 
siderably reduced, albeit at an unknown 
cost in accuracy, if one is willing to 
utilize the straight-ahead-scattering ap- 
proximation, investigated carefully by 
Hurwitz, et al. (73). The assumption is 
made that photons suffer energy degra- 
dations but that the scattered photons 
fall into one of two classes: (a) photons 
scattered through such small angles that 
the deviations from the line of flight may 
be ignored and (6b) photons scattered 
through such large angles that the result- 
ing low-energy photons have little pene- 
trating power (high u,) and are absorbed 
near the point of scattering. These 
assumptions depend upon the following 
arguments: (a) the energy distribution of 
the scattered photons shows a strong 
forward component, (b) the angular 
distribution also shows a strong forward 
component, (c) distances of interest in 
heat-generation calculations are measured 
in relatively few attenuation lengths from 
the primary source (and the probability 
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TABLE 2. PRIMARY ENERGY SOURCES 


Energy, 
Source meyv./fission Spectral distribution Ref. 

Fission fragments 168 + 5 11 
Fission-fragment beta 

decay 23 
Fast neutrons 5 P(E,) = 0.484 (sinh V 2E,) exp (—£,) 18 
Prompt fission gammas 7.5 P(E,) = exp (—E,) 6 
Fission-fragment 

gamma decay 6 Fragmentary data 4, 16, 25 
Capture gammas varies, ~7 Fragmentary data 15 
Total 200 


that a photon will suffer many scatterings 
is small), and (d) photoelectric absorption 
increases strongly with decreasing photon 
energy. For example, of the photons 
scattered out a beam of 6 mev. photons, 
those scattered through angles of less 
than 50° carry 90% of the energy of all 
the scattered photons. 

The approximation is applied by 
breaking the gamma-source spectrum into 
a number of energy groups. The group 
having the highest energy EL, is attenuated 
between 7’ and r by the simple exponential 
factor exp [—u,(E,’)(|r’ — r|)]. The next 
group loses photons in proportion to 
u.(E,') but gains photons from group 1 
by Compton scattering; group 3 receives 
photons from both groups 1 and 2; and 
so on. The transfer of photons between 
groups is a function of the energy-widths 
of the groups and their separation in 
energy and is computed from the Klein- 
Nishina relation [Equation (14)]. The 
differential equations expressing the pho- 
ton “‘economy”’ for each group are inte- 
grated successively, giving the flux at r. 

Hurwitz, using this multigroup tech- 
nique, has calculated the energy release 
at r due to an energy-distributed source 
at r’ having a typical spectrum and found 
that the results could be expressed in 
terms of an average “effective” gamma- 
absorption coefficient 7.;;, obtained by 
averaging yu.;; over the spectrum of the 
source. 


Bess = [ (By')P(E,’) dE,’ (30) 


where P(E,’) is the spectral distribution 
and where 


Mery) + (E,) 


Here yu,’ is a term added to the energy- 
deposition coefficient uw, to account for 
the energy release due to gamma photons 
scattered to energies below 0.5 mev., 
which are assumed to be absorbed in the 
near vicinity of their scattering. It is 
evaluated by integrating the scattered- 
energy ratio H,’/E, given by Equation 
(12) with respect to the angular prob- 
ability given by Equation (14) as follows: 


0(Ey'=0.5) 
[ (E,’/E,)P(6) do 
(31) 
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By use of the present notation Hurwitz’s 
results may be put in the form 


G,(r) dV, Eyitess 
Vy 


Ar(| r —r |)? 
7’ — r 


(32) 


Primary Gamma Sources 


The fission gamma and fission-frag- 
ment-decay gamma sources are both pro- 
portional to the fission density in station- 
ary fuel reactors. 


Sp7(r’) =N,f (En, 1’) dE, 
0 
(33) 


where N, is the number of photons, 
fission and decay, emitted per fission. 
Gamble (6) reports that 7.5 prompt 
gamma photons are released per fission, 
and that these have an average energy 
of about 1 mev. each. Their spectral 
distribution is approximately exponential. 


P,) = exp (-E,); 


0.1< EH, <7mev. (84) 
This relation does not hold at the ex- 
tremes of the energy range; however, 
the contribution from photons with 
energy above 7 mev. is negligible, while 
gammas emitted with energies less than 
0.1 mev. carry less than 1% of the total 
energy. 

The fission-fragment-decay gamma 
spectrum could be constructed from a 
knowledge of the fission yields of the 
various nuclides, their decay schemes, 
and the energies of the decay gammas. 
Moteff (16) and Clark (4) have tabulated 
the available data. Moteff listed some 
nuclides which emit gammas with ener- 
gies down to 0.04 mev., with half-lives in 
excess of 30 sec. Clark extended the listing 
but did not tabulate gammas having 
energies below 0.1 mev. The sum of the 
gamma energies of all the nuclides re- 
ported was computed by Clark to be a 
little greater than 1 mev./fission. Since 
it has been estimated by Way (23) on 
theoretical grounds that the total fission- 
fragment gamma-decay energy is approxi- 
mately 6 mev., it appears that there is 
about 4 to 5 mev. of energy/fission 
released by gamma emitters having half- 
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lives shorter than 30 sec. The intensity 
and spectral distribution of the gammas 
from these short-lived isotopes is cur- 
rently being investigated at Oak Ridge 
National Laboratory (25). 

Day (6) has recently tabulated the 
available data on the cross sections for 
inelastic scattering of neutrons in various 
media and the spectra of the resulting 
gamma photons. Grace et al. (9) report 
some measurements on the scattering of 
2.5-mev. neutrons in various materials. 
Other papers relating to the inelastic 
scattering of neutrons are listed by Day. 

Mittelman (15) has tabulated the in- 
formation available on the spectrum of 
capture gamma rays as of October, 1953. 
The strength of this gamma source is 
proportional to the local neutron flux and 
to the capture coefficient 2. Equation 
(33) may be used by replacing 2, by 2,. 


SUMMARY 


The local rates of heat release in nuclear 
reactors have been formulated in terms of 
the local neutron and gamma fluxes. Certain 
special methods of estimating these fluxes 
were indicated and their application to the 
heating problem was discussed briefly. The 
data available on neutron- and gamma- 
source strengths have been reviewed. 

There are four and possibly five impor- 
tant sources of heat the distribution of which 
is directly dependent on the neutron flux 
distribution. These are (1) fission-fragment 
energy, (2) fission-fragment beta-decay 
energy, (3) elastic collisions of fast neutrons, 
(4) beta decay of nuclei activated by neu- 
tron absorption, and (5) inelastic collisions 
of fast neutrons. Of these, sources 1 and 2 
predominate in the fuel region of the hetero- 
geneous reactors; 4 is small but may be 
appreciable; and 3 and 5 are negligible. In 
the moderator regions of such reactors, 1, 2, 
and 5 are negligible, and only source 3 and 
gamma heating need be considered. In core 
tanks composed of materials having high 
atomic numbers, gamma heating will pre- 
dominate, but source 4 and possibly 5 may 
be appreciable. This rule applies also to 
thermal shields and pressure shells. Re- 
flectors composed of materials of low atomic 
weight may be treated like the moderator 
and, if the atomic number is high, like a core 
tank. 

Of the sources listed, sources 3 and 5 de- 
pend strongly on the distribution of the fast 
flux; the others may be computed to good 
approximations from the thermal flux densi- 
ties. 

The gamma-dependent heating rates are 
conveniently classified according to the 
source of the gamma rays: (1) prompt fission 
gammas, (2) fission-fragment-decay gam- 
mas, (3) capture gammas, (4) activated- 
nuclei-decay gammas, and (5) gammas re- 
sulting from inelastic scattering of fast 
neutrons. 

In the fuel regions of heterogeneous reac- 
tors, heating due to gammas may be ap- 
preciable but is small compared with fission- 
fragment heating. Heating due to class 4 
gammas may become appreciable if large 
amounts of U?8 or Th? or other material 
having high cross section for thermal neu- 
trons are present. In the moderator regions 
of heterogeneous reactors, heating due to 
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classes 1 and 2 predominates, but contribu- 
tions from class 3 may be appreciable in 
regions adjacent to coolants and structural 
materials having appreciable capture cross 
sections. In core tanks composed of materi- 
als having low capture cross sections, classes 
1 and 2 predominate, but 5 may be appreci- 
able, as in zirconium. In iron thermal shields 
and pressure shells classes 1 and 2 tend to 
predominate near the inner surface, class 3 
at intermediate depths, while class 5 pre- 
dominates at greater depths (26). Class 4 
follows class 3 in distribution, but is much 
less important and can generally be neg- 
lected. 
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NOTATION 


Bis = energy-absorption build-up fac- 
tor, defined by Equation (29), 
and tabulated in reference 8. 


D = neutron-diffusion coefficient, ref- 
erence 7 

E = kinetic energy of particle, mev. 

E; = average kinetic energy of fission 


fragments plus average energy 
of betas resulting from decay of 
fission fragments, 187 mev./ 
fission 

E, = energy of nascent neutrons 

f(r) = geometric form of neutron-flux- 
density distributions. 

f(E,’, R) = fraction of energy of photon 
emitted at a point with energy 
E,’ that is dissipated in an 
annular sphere of radius R and 
thickness dR. 

F(E,’, r’— r) fraction of energy of pho- 
tons emitted at r’ with energy 
E,’ that is dissipated at r per 
unit volume about r 

G = specific rate of heat release due 
to dissipation of the energy of 
nuclear radiations, energy units 
per unit volume per unit time 


I, = zero-order modified Bessel func- 
tion of the first kind 

m = atomic mass of neutron, ~1 
atomic mass units 

M = atomic mass of nucleus in 
atomic mass units 

(mc?) = rest mass of electron. The value 
in mev. is about 0.51. 

n = number of neutrons per unit 
volume 

N; = number of @ particles of charac- 


teristic energy Ez; emitted in 
decay chain following a neutron 
capture 

N, |= number of photons (prompt and 
decay) emitted per fission 

p(E,, = capture-escape probability 

P(@) = probability that a neutron or 
photon will be scattered through 
an angle @ per unit angle about @ 
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P(E.) = spectral distribution of fission 
neutrons, reference 18. 

P(E,, r’) = probability that a photon 
having energy E, will be emit- 
ted or scattered at r’, per unit 
volume about r’ 

P(r’, r) = probability that a photon 
emitted or scattered at r’ will 
travel in the direction of r per 
stearadian about that direction 

P(r’— r) = probability that a photon or 
neutron at 7’ traveling in the 
direction of r will arrive at r 
without having suffered a col- 
lision 

P(E,) = spectral distribution of gamma 
flux density or the fraction of 
photons having energy E, per 
unit energy range about £, 


Q = rate of heat release in nuclear 
reactor, energy units per unit 
time 

r = radius vector 

S -= source function, particles gen- 
erated per unit volume per unit 
time 

th = thermal energy, ~0.025 ev. 

V = volume throughout which par- 


ticle sources are distributed 


Greek 

a = physical property of nucleus de- 
fined by Equation (6) 

6 = average fraction of energy of 
incident particle that is released 
locally during a collison 

6 = angle of deflection in a scatter- 
ing collision 

be = photon interaction coefficient, 


probability of a collision of 
specified type occurring per 
centimeter of travel, events 
per photon-centimeter 

mean effective gamma-absorp- 
tion coefficient, defined by 
Equation (30) 


Be = photon energy-absorption co- 
efficient defined by Equation 
(19) 

My = photon-absorption coefficient 
defined by Equation (25) 

é = logarithmic energy decrement, 

=> 2/(M-+ 2%) (See reference 

p = radial coordinate in cylindrical 
geometry 

= = macroscopic cross section, prob- 


ability of a collision of specified 
type occurring per centimeter 
of travel, events per neutron- 
centimeter 
= Fermi age, sq. cm. 
= flux density, number of centi- 
meters traversed by neutrons or 
photons per cubic centimeter 
per second 
Laplacian operator 


Subscripts and Superscripts 

a = absorption 

c = Compton scattering of photons 
or capture of neutrons 
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e€ = elastic scattering of neutrons 
(See also p,.) 
i = fission (Also see E;,.) 
ff = fission fragments 
nile) = beta particles resulting from 
beta decay of fission fragments 
= inelastic scattering 


n = neutrons 

N = nucleus 

pe = photoelectric 

pp = pair production 

PY = primary gamma 
t = total 

B = beta particle 

= gamma particle 


= prime, denotes postcollision con- 
dition or energy 

- = superbar, denotes average value 

of variable 
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Mass ‘Transfer in Liquid Metals 


W. E. DUNN, C. F. BONILLA, C. FERSTENBERG, and B. GROSS 


The rate of mass transfer was measured for solid metal shapes dissolving into mercury 
at room temperature. Sherwood numbers for horizontal tin, cadmium, zinc, and lead cylin- 
ders dissolving by natural convection agreed with Nusselt numbers for heat transfer in 
nonmetallic liquids at the same Rayleigh (Grashof X Prandtl) numbers. Dissolving of zinc 
tubes by mercury flowing turbulently within them agreed with heat transfer to nonmetals in 
tubes. Dissolving of random beds of lead spheres by mercury flowing through the bed agreed 
with similar nonmetal systems. It is concluded that mass transfer processes in liquid metals 
follow substantially the correlations for other fluids in heat or mass transfer, which with 
moderate safety factors may thus be used for at least preliminary design purposes. 


Cases of mass transfer in liquid metals 
are becoming more frequent with the 
increasing popularity of liquid metals as 
heat transfer media and as solvents. The 
pyrometallurgical refining of metals has 
long employed mass transfer between the 
melted metal and a molten flux, another 
molten metal, a solid, or a gas. Corrosion 
of pipes and vessels by contained liquid 
metals due to temperature differentials 
plus a variation of solubility with tem- 
perature has long been encountered. 
The purification of molten sodium by the 
freezing out of sodium oxide is a similar 
case. Finally, liquid-metal fuel reactors 
(L.M.F.R.) have been proposed (20) 
which feature mass transfer to accomplish 
principal objectives. Replenishment of 
the fissionable element would involve 
mass transfer, which, however, would be 
applied principally in the continuous 
removal of radioactive and neutron-con- 
suming fission products. 

In the design of such processes, or in 
predicting the effect on performance of 
changes in operating conditions, it is 
desirable to have available the appro- 
priate dimensionless correlations of mass 
transfer for each proposed geometry. A 
few such correlations from studies on 
nonmetallic liquids have been published. 
However, before one could confidently 
employ such correlations for liquid 
metals it would seem desirable to estab- 
lish their validity for liquid metals in at 
least several key geometries. This paper 
presents the results of such a study 
employing four binary systems and three 
rigid geometries. The solids were lead, 
tin, cadmium, and zine, and the liquid 
phase was mercury at room temperature. 
Natural convection was studied by dis- 
solving horizontal cylinders of all four 
metals in a stationary pool of mercury, 
the Grashof X Schmidt number product 


W.E. Dunnis with E. I. duPont de Nemours and 
Company, Wilmington, Delaware, C. Ferstenberg 
with E. I. duPont de Nemours and Company, Phila- 
delphia, Pennsylvania, and B. Gross with Dugway 
Proving Grounds, Dugway, Utah. 
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ranging from 10? to 10°. Forced convection 
was studied by passing mercury through 
zine pipes at Reynolds numbers of 1,200 
to 12,000 and through fixed beds of ran- 
domly packed lead spheres at void 
Reynolds numbers of 20 to 1,000. In all 
cases the Schmidt number was of the 
order of magnitude of 100. 

The differential equations for forced- 
convection mass transfer with constant 
physical properties (dilute solutions) are 
identical with those for heat transfer, 
provided that the Nusselt and Prandtl 
numbers in heat transfer are replaced 
by the Sherwood and Schmidt numbers 
for mass transfer. It would thus be 
expected, and has empirically been 
shown (1) for nonmetals, that heat transfer 
correlations obtained for any given 
geometry are applicable to mass transfer 
in the same geometry at the same 
Reynolds numbers when the foregoing 
replacementsaremade. Similarly, natural- 
convection mass transfer would be 
expected to follow the heat transfer cor- 
relations on further replacement of the 
fractional density change (GAT) in the 
Grashof number by the analogous (6,Ac) 
for the dissolving of the solute. It is thus 
additionally desirable to check whether 
liquid-metal mass transfer obeys the 
available heat transfer correlations for 
the same geometries at the same values 
of the analogous dimensionless ratios. It 
should be noted that liquid-metal heat 
transfer results are not helpful in pre- 
dicting liquid-metal mass transfer because 
the range of Prandtl numbers for liquid 
metals is several orders of magnitude 
smaller than the Schmidt numbers of 
liquid-metal systems. 


PHYSICAL PROPERTIES OF THE SYSTEMS 


For reliable correlations it is necessary 
to employ accurate values of the pertinent 
physical properties. Thus all the proper- 
ties were employed as functions of con- 
centration for each solute metal and were 
taken at the arithmetic-mean film con- 
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centration ¢; = (c; + G,)/2. In the 
natural-convection tests ¢, was taken as 
the calculated instantaneous average 
concentration of the solute in the bath. 
In the forced-convection tests the inlet 
bulk concentration c, of solute metal 
was always zero, and ¢, was taken as 
(c;/2) + (c2/4). 

The density and the coefficient of 
solution expansion of the amalgams were 
obtained from Richards (16), the vis- 
cosity from Von Schweidler (17), and 
the solubility from Hansen (9). These 
properties are all substantially linear over 
the range of interest and may be linearly 
interpolated over the concentration and 
temperature ranges of Table 1. The 
diffusivities of these amalgams at low 
concentrations have been tabulated by 
Furman and Cooper (5). These were cor- 
rected to the higher concentrations 
employed by means of the Eyring (7) 
relation: 

(D,) d(n (1) 

(D,)o d(In N) 
The activity coefficient y was obtained 
(3) as a function of atom fraction N from 
Richards’ classic data (16) on the poten- 
tials of amalgam concentration cells. 
When the deviation between Richards’ 
observed potential and that of an ideal 
cell, both having the pure solute metal 
as one electrode, is plotted against the 
logarithm of the other concentration, the 
slope multiplied by vF/RT equals 
d(in y)/d(in N) at the other concentra- 
tion. The ratio D,/(D,)o so obtained is 
given in Figure 1. The results for zinc 
agree closely with Weischedel’s experi- 
mental values (1/8), the only literature 
data that go to reasonably high concen- 
trations in these systems. 


NATURAL CONVECTION AT 
HORIZONTAL CYLINDERS 


There are few, if any, mass transfer 
results in the literature for natural con- 
vection at horizontal cylinders. There 
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TABLE 1. PuystcaL PRopERTIES OF AMALGAM SYSTEMS STUDIED 


Solute, Viscosity, 
wt. % Ib./(ft.)(sec.) 1,000 
20° 30° 
Zine 0 1.06 1.02 
0.5 1.094 1.056 
1.0 1.128 1.090 
1.5 1.162 1.124 
Tin 0 1.06 1.02 
0.2 1.068 1.029 
0.4 1.077 1.038 
0.6 1.085 1.046 
Lead 0 1.06 1.02 
0.5 1.082 1.038 
1.0 1.100 1.057 
1:5 1.116 1.075 
Cadmium 0 1.06 1.02 
1 1.088 1.049 
2 1.077 
3 1.143 1.106 


are, however, some heat transfer results 
for sizable cylinders (12) and also heat 
and mass transfer results for natural 
convection at vertical surfaces, which can 
be altered to apply roughly to horizontal 
cylinders by Hermann’s conclusion (10) 
for streamline natural convection that 
the average heat transfer coefficient 
around a cylinder of diameter D is the 
same as over a vertical surface of height 
2.5D. For these reasons, plus the me- 
chanical convenience of this shape, hori- 
zontal cylinders about 4 in. O.D. were 
selected for the experimental study of 
natural convection. 

Natural convection is usually asso- 
ciated with streamline flow, and the cor- 
relations that have been proposed are 
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Fig. 1. Diffusivity correction factor for 
metals in mercury [Equation (1)]. 


il 


RELAY AND 
TIMER 


Fig. 2. Schematic diagram of apparatus for 
mass transfer from a horizontal cylinder by 
natural convection. 
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Density, p, Diffusivity, D,, Schmidt No. Solubility, wt. % 
g./ce. sq. ft./(sec.) (108) (u/p D,) 

20° 30° 20° 30° 20° 30° 20° 25° 30° 
13.545 13.542 1.745 1.850 71.8 65.3 
13.50 13.497 1.630 1.725 79.6 42.7 
13.46 13.457 1.510 1.602 88.9 81.1 2.00 2.18 2.40 
13.42 13.417 1.396 1.480 99.4 90.8 
13.545 13.542 1.755 1.860 71.4 66.0 
13.528 13.525 1.602 1.699 78.9 71.8 
13.516 13.513 1.485 1.574 86.0 78.3 0.64 0.71 0.78 
13.504 13.501 1.404 1.488 91.7 83.5 
13.545 13.542 1.212 1.296 103.4 93.3 
13.541 13.538 1.067 1.142 120.0 107.7 
13.536 13.533 0.909 0.972 143.2 128.9 1.53 1.67 1.84 
13.532 13.529 0.848 0.907 155.8 140.6 
13.545 13.542 1.575 1.720 79.6 70.3 
13.487 13.484 1.605 1.753 80.5 71.2 
13.427 13.424 1.630 1.780 81.8 72.3 5.55 6.20 6.85 
13.369 13.366 1.653 1.806 82.8 73.5 


given in Table 2. However, from heat 
transfer results with the same-sized 
cylinders (12) turbulence might be 
expected to initiate at (Gr, X Sc) = 
about 10° and to start to raise the Sher- 
wood number rapidly at about 10’ or 
slightly higher. 


The equipment employed (3) is shown 
schematically in Figure 2. It consisted of a 
shock-mounted specific-gravity balance sen- 
sitive to 0.01 g. modified to support a 
wire frame. The frame by means of its 
ballast weight W held the specimen under 
the surface of the mercury and transmitted 
changes in the buoyant force to the balance 
arm. The arm was constrained by set screws 
to 1/64 in. of movement. An electronic 
relay indicated the instant that contact was 
made with the upper set screw. 

Arun was initiated by rotating the sample 
around J until it was immersed in the pool 
of mercury, tightening the set screw R, and 
setting the weight on the balance to a value 
slightly above the balancing point. When 
the sample had dissolved slightly, the buoy- 
ancy decreased, the balance arm rose, and, 
when the relay indicated contact, the time 
was recorded. The weight was immediately 
reset in successive small equal increments 
and the successive times were recorded. The 
rates of solution were then calculated over 


each time interval from the change of 
buoyancy. These rates decreased slowly and 
linearly with time ¢, and thus the initial rate 
of solution was obtained by extrapolation 
back to = C, as shown in Figure 3a. Differ- 
ent driving forces were obtained by allowing 
solute metal to build up in the bath over a 
series of runs. After each series the mercury 
was completely purified by extended bub- 
bling with air followed by sulfuric acid 
treatment to remove the gross impurity, 
with vacuum distillation for final purifica- 
tion. 


The metal cylinders were prepared in 
two ways. Zine and cadmium cylinders 
were machined down to size from slugs 
cast in glass. Tin and lead were extruded 
at 125°C. and upon cooling were cut 
off into sections. In all cases the ends were 
then faced off and an axial hole was 
drilled to hold the iron end pieces, rubber 
washers, test cylinder, and wire frame 
all together. All metals were C.P. or 
better quality. Castings of zinc were made 
under various cooling conditions to alter 
the grain size, but there did not appear 
to be a large variation in initial solution 
rate from this cause. However, for uni- 
formity, all cast cylinders were allowed 
to cool slowly in the room. 


TABLE 2. STREAMLINE NATURAL-CONVECTION Mass TRANSFER CORRELATIONS FOR 
HorizonTaL CYLINDERS 


Relation Origin Reference 

Sh = 0.53(G7,,.Sc)1/4 Heat transfer tests at horizontal 12, 13 
cylinders 

Sh = 0.53[Gr,,.Sc?/(0.952 + Sc)}'/* Heat transfer tests at horizontal 12 
cylinders 

Sh = 0.418(G7,,.Sc)"/4 Pohlhausen’s theory for vertical plates, 19 
with Hermann’s modification 

Sh = 0.525(Gr,,.Sc)!/4 Wilke’s mass transfer tests at vertical 19 
plates with Hermann’s modification 

Sh = 0.522(Gr,,.Sc)!/4 Ostrach’s theory for vertical plates at 15 


Sc = 100, with Hermann’s modification 


Note: If the physical properties vary over the boundary layer, as a first approximation they should be taken 


at its arithmetic-mean concentration. 
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Fig. 3. Effect of time, sample length, and 
bath volume on the rate of buoyancy de- 


Zine chill-cast in steel molds, electro- 
plated, or commercially remelted and 
extruded yielded significantly lower solu- 
tion rates, owing apparently to traces of 
iron picked up or to zine oxide occluded 
by the metal. 

Samples were preamalgamated by 
being dipped into dilute sulfuric acid to 
remove the oxide layer and then into 
mercury. The time elapsed between pre- 
amalgamation and the start of the run 
was found not to affect the rate of solu- 
tion. 

End effects were determined for the 
most rapidly dissolving metal, cadmium, 
by varying the length of the samples over 
the range of 44 to 2% in. The initial rate 
of solution was found to increase roughly 
linearly as 1/L decreased, as shown in 
Figure 3b. A 5% increase was obtained 
by extrapolating to D/L = 0 from a 
cylinder with D/L = ¥Y. All results 
herein reported were accordingly cor- 
rected to the infinite cylinder values. 
This end-effect correction was assumed 
proportional to rate of solution. Thus for 
the more slowly dissolving systems the 


crease of horizontal cylinders in still correction corresponding to cadmium at 
mercury. the desired L/D was decreased propor- 
tionally to the rate of solution of the 
metal, by weight. 
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Fig. 4. Correlation of natural-convection mass transfer from horizontal cylinders. 


The effect of ambient volume was 
studied with zine cylinders. It was found 
that below 1 kg. of mercury the rate de- 
creased (Figure 3c). The amount of 
mercury used in the runs here recorded 
was 29 kg., evidently equivalent to an 
infinite ambient. 

One test was carried out to determine 
whether any appreciable temperature 
changes occurred at the dissolving surface 
owing to latent heat effects which might 
change the solubility c;. A solid lead bar 
was bent and one end inserted in a bath 
of pure mercury and the other in mercury 
saturated with lead. A copper wire led 
from each bath to a potentiometer sen- 
sitive to 1 wv. The thermoelectric force 
of this system is roughly 5 wv./°C. There 
was never any detectable voltage, indi- 
cating negligible error due to dissolving. 

Typical points are given in Table 3, 
and all the results are plotted in Figure 4 
as the Sherwood number Sh vs. the Gras- 
hof number for mass transfer Gr,, X the 
Schmidt number Sc. It is seen that the 
results correlate well among themselves 
and agree nearly up to Gr,, X Sc = 109 
with the correlations of Table 2, which 
agree among themselves. 

It should be noted that Sh agreed with 
the laminar correlations up to (at least) 
Gr, X Sc values of almost 10°, as con- 
trasted with the observed rapid rise in 
Nu at Gr, X Pr above 10’, previously 
mentioned. However, visual inspection of 
the samples indicated that turbulence had 
been present at all but the lowest 
Gr, X Se values. All the zine and cad- 
mium specimens (Gr, X Sc > 108) 
showed a highly roughened surface after 
a test, probably in these cases an effect 
of crystal orientation. But all the tin and 
lead specimens—except the four tin speci- 
mens of lowest Gr,  Sc—showed a 
smooth lower surface but still displayed 
a roughened top surface (Figure 5a), 
probably because of turbulent eddies 
downstream of the cylinders. Figure 5b 
shows the smooth surface and “‘fish-tail” 
top edge, as might be expected in com- 


TABLE 3. Mass TRANSFER BY NATURAL CONVECTION FOR HorizontaL METALLIC CYLINDERS IN MERCURY 


Initial 
Initial Initial Buoyancy bath Solu- End log log 
Metal tun OF diam. L, rate, factor, conc., bility, corr. Sh; (GrSc); Sc; 
D, in. in. g./min. p/Ap wt. % wt. % 
Zn 59s 26.7 0.325 1.028 0.1321 1.113 0.000 2.27 1.032 1.464 8.817 80.4 
64 13.3 0.351 2.516 0.0275 1.113 0.957 1.74 1.003 1.709 8.297 97.9 
68 12.8 0.342 2.530 0.0189 1.1138 1.236 Lote 1.002 1.748 8.159 101.9 
Sn 40 14.5 0.211 1.512 0.0221 1.173 0.0084 0.560 1.003% 1.540 7.356 90.5 
44 15.7 0.174 1.281 0.0213 1.173 0.0557 =0.578 1.002 1.468 7.168 91.2 
48 5.0 0.350 2.519 0.0166 1.174 0.095 0.567 1.002 1.704 7.948 92.3 
52 4.8 0.293 2.119 0.0142 1.175 0.159 0.564 1.002 1.640 7.656 93.5 
56 15.9 0.350 2.485 0.0124 1.175 0.196 0.581 1.002 1.681 7.870 93.7 
Pb 69 13.4 0.350 2.507 0.0581 5.135 0.000 1.290 1.007 1.625 7.709 138 
73 © 10.8 0.350 2.531 0.0396 5.137 0.1776 1.230 1.005 1.559 7.628 143 
77 i ee 0.350 2.525 0.0258 5.146 0.5390 1.246 1.003 1.563 7.468 149 
Cd 80 12.8 0.350 2.523 0.181 1.767 0.000 4.62 1.023 1.882 8.844 83.5 
84 11.9 0.351 0.575 0.158 Li6e 0.139 4.53 1.097 1.879 8.838 83.4 
88 13.3 0.348 1.386 0.175 1.767 0.200 4.68 1.039 1.882 8.832 82.3 
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Fig. 5. (a) Appearance of top and cross sec- 

tion of horizontal tin cylinder after turbulent 

natural convection; (b) appearance of side 

of horizontal tin cylinder after streamline 
natural convection. 


pletely streamline flow, which were 
obtained in the four lowest Gr,, X Sc tin 
samples*. These results thus indicate 
incidence of turbulence at Gr,, K Sc = 
16,000,000 approximately, but no signifi- 
cant deviation from the streamline 
relation as far up as 650,000,000. There 
are thus qualitative agreement with the 
results so far reported for heat transfer 
to cylinders larger than wires and rough 
quantitative agreement on the point of 
incidence or turbulence. It is difficult to 
assess the significance of the disagreement 
on the threshold of turbulence and break- 
away of the Nu and Sh values from the 
streamline relation. However, it seems 
established that laminar natural-convec- 
tion correlations for any geometry and 
for either heat or mass transfer will hold 
for liquid-metal mass transfer in that 
geometry. It also seems probable, par- 
ticularly in view of the turbulent forced- 
convection results to be discussed next, 
that agreement can also be expected, in 
general, between the corresponding tur- 
bulent natural-convection correlations. 


FORCED-CONVECTION FLOW IN PIPES 


For turbulent forced-convection flow 
through pipes, the classic Chilton-Col- 
burn equation for heat transfer (1) when 
modified to mass transfer becomes 


(kp/u)(Se) 
= 0.023(Re),-°? (2) 


For the viscous region the Lévéque 
equation (9) when similarly modified 
becomes 


dp 1.61(Re (3) 


The only previous work on mass transfer 
inside of pipes that was found in the 
literature is that of Linton and Sherwood 
on the dissolving of cinnamic acid, 
benzoic acid, and 6-naphthol tubes in 
water; Sc ranged from 1,000 to 3,000. 
Though the spread of the jp values was 
considerable, the results agreed moder- 
ately well with Equations (2) and (8). 


jp 


*Figure 5 illustrates the applicability of mass 
transfer tests in determining local heat transfer coef- 
ficients by measuring the rate of mass removal. 
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Fig. 6. Apparatus for mass transfer from a 
zinc tube to mercury. 


Various studies on mass transfer wetted- 
wall columns have shown departures 
from Equation (2), but this might be 
expected owing to the motion of the 
liquid film. It is thus logical to compare 
liquid metal results in tubes with Equa- 
tions (2) and (8). Zine was used for the 
tubes in this study because it is stronger 
than the other convenient metals. 

The zine was approximately 99.995% 
pure, containing roughly equal amounts 
of bismuth, cadmium, copper, and lead 
as the principal impurities. After each 
run the mercury was placed in a suction 
flask under a layer of 50% sulfuric acid, 
and room air was bubbled through it 
from a submerged air-inlet tube by the 
application of vacuum on top. After an 
hour or so the acid was decanted and the 
mercury washed repeatedly with distilled 
water, trickled through a tall 15% nitric 
acid tower, washed again, dried in 
beakers at 120°C., and finally filtered 
slowly through a dry towel. A bright sur- 
face, indicating less than 0.0001% of base 
metal, was always obtained. 

The test apparatus employed (4) is 
shown schematically in Figure 6. 


Zinc rods were cast by melting the zinc in 
an iron crucible, sucking it up into pre- 
heated 14-in. Pyrex tubes, and then allowing 
it to freeze. The rods were cut into 2.1+ in. 
lengths, drilled through at their axis with 
an extralong 0.140-in. drill, turned at both 
ends to a concentric O.D. of 0.350 in., and 
faced off perpendicular to the axis to a 
length of 2.1 in. (15 diam.). These speci- 
mens (J in Figure 6) were forced into heavy- 
wall steel tubes H and J having a 0.140-in. 
bore and a flat-bottomed concentric cup 
0.351 in. in I.D. at their nearer ends. Thus 
the steel-zinc-steel formed a continuous tube 
of smooth bore. The apparatus contained a 
closed 3.5-liter steel tank with an air inlet 
tube B to maintain the mercury flow con- 
stant during a run, a level gauge D, on-off 
cock E, drain pinch clamp F, flow-regulat- 
ing screw clamp G, 50-diam.-inlet calming 
length J, glass receiver K, thermometer L, 
air vent M, and rubber pinch tube N. 
Before a run 30 ml. of 1 M hydrochloric acid 
(more than enough to dissolve the zinc) was 
added in advance to each of six to ten pre- 
weighed sample flasks O on a flask holder. 
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A new specimen TJ was next filled and wetted 
internally with mercury to assure immediate 
action in the run. It was then inserted be- 
tween H and J and the run started at once. 
Clamp G was preset as desired, EZ suddenly 
opened, and a stop watch started when 
mercury appeared at N. At the end of each 
preselected time increment (10 to 30 sec. in 
different runs) N was pinched off by hand 
until the next flask had been slid into posi- 
tion. After the run each flask was weighed 
to obtain the mercury weight and thus the 
average flow rate over the interval. 

The zine was dissolved in the hydrochloric 
acid by placing the flasks around the edge 
of an electric hot plate so that strong natural 
circulation oceurred without boiling. The 
solution was completed when hydrogen 
evolution ceased and a film of HgCl ap- 
peared on the mercury on cooling. The solu- 
tion and washings were collected, exactly 
neutralized with potassium hydroxide solu- 
tion to the methyl red end point, and diluted 
to 1 liter in a volumetric flask, and a 10-ce. 
portion was diluted to 100 ml. with 0.1 NV 
potassium chloride. This solution was then 
analyzed by either a manual or, preferably, 
an automatically plotting dropping mercury 
electrode, previously calibrated with six 
known solutions prepared from zine and 
mercury in the same way. This was by far 
the most rapid method of analysis available 
and yielded reasonable accuracy. 

For each interval of every run the follow- 
ing average quantities were calculated, cor- 
rections being made where pertinent for the 
change in average I.D. due to the weight of 
zine dissolved up to the middle of the inter- 
val: diameter, mercury mass velocity, outlet 
concentration ¢2, rate of solution w per unit 
wall area, mass transfer coefficient kp = 
w/(c; — ¢:/2), mass transfer factor jp, and 
film concentration Reynolds number Re; at 
¢;. These values of jp and Re; computed 
over each interval were found to agree 
reasonably well with Equation (2), though 
averaging 11% higher (4). Plotting jp and 
Re; vs. the median time of the interval and 
extrapolating back to zero time yielded the 
points listed in Table 4 and plotted in Figure 
7. The extrapolated points are slightly 
lower, as might have been expected because 
any roughening of the surface, as observed 
before in natural convection, would thus be 
eliminated. The average agreement with 
Equation (2) is accordingly slightly better. 
Linton and Sherwood found no difference 
between L/D values of 6 and 21. Therefore 
Equation (2) may be considered to apply 
well to liquid-metal turbulent mass transfer 
in pipes with fully developed velocity dis- 
tribution for L/D ratios exceeding 6, and 
probably with adequate accuracy down al- 
most to 0 L/D. Higher jp values would be 
expected if the specimen lacked an inlet 
calming length. The one streamline run 
obtained agrees well with Equation (3)*, 
which may undoubtedly also be accepted for 
liquid metals. 


FORCED-CONVECTION FLOW 
THROUGH PACKED BEDS 


Several studies of mass transfer from 
packed beds to gases flowing through 
them have been carried out. In most 


*This point is plotted against (Re)s, 6.7% larger 
than (Re);. 
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Studies the range of Schmidt number was 
rather limited, and so its effect was 
diffeult to assess. Using the analogous 
mass transfer definition of 7 to that 
found (1) for heat transfer inside of tubes, 
Hougen and coworkers (/1) have adopted 
(Sc)2/3, as in Equation (2). Denton (2) 
deduced a slightly higher power of Sc, 
that is, 0.72. 

Experiments with liquid solvents can 
cover much wider ranges of Sc and thus 
should be more reliable in yielding a 
general correlation. Gaffney and Drew 
(6) used beds of succinic and salicylic acid 
pellets of various quasispherical shapes 
dissolving in n-butanol, benzene, and 
acetone. They also took into account the 
B-naphthol-water data of McCune and 
Wilhelm (1/4). The total (Sc), range thus 
covered was 160 to 13,000. Reasonable 
variations of fractional voids X in the 
bed were included in a single correlating 
curve by basing the Reynolds number on 
the average velocity in the voids, that is, 
by utilizing (Re,);/X, where (Re,), is 
based on the superficial velccity V. The 
best exponent of (Sc); was obtained as 
0.58 and the final correlation is shown as 
the solid line in Figure 8. (Re,);/X ranged 


from 1 to 5,000 and D, from 0.01 to 0.042 
ft. It seems logical to compare any 
liquid-metal results with this correlation. 

In this study (8) the mercury was 
purified after each run by agitating it 
with air in a Bethlehem Oxifier, allowing 
it to stand overnight, and running it 
through a Bethlehem gold disk ‘“‘filter.’’ 
The mercury was then tested with HNO; 
and K,Cr,O; solution as a check that 
the lead had been completely removed. 
The spheres were high-sphericity anti- 
mony-free No. 8 lead shot from National 
Lead Co. and No. BB from Remington 
Arms Co. and were 99.85% or higher in 
metallic-lead content. The shot was 
amalgamated within 30 min. before each 
run by being mixed with 1NHNO; and 
mercury and drained on a screen with the 
aid of a suction probe. The shot was 
weighed beforehand to compute the 
number for calculating surface area and 
porosity, but the average diameter was 
obtained by calipering a number of 
pellets after amalgamation. 

The apparatus was similar to that of 
Figure 6 but employed a thick-walled 
gauge-glass column between end plates 
in place of items H, J, and J. The column 


had seven to ten horizontal thicknesses 
of 14- and 24-mesh 0.02-in. iron wire 
cloth at both top and bottom, to distrib- 
ute the flow and to hold the bed compact 
by its elasticity. The procedure also was 
similar to that of the previous test. Five 
time intervals, usually of 10 sec. each, 
were employed in most runs. The sample 
flasks in this case contained 50 or 100 ml. 
(excess) of 50% by volume glacial acetic 
acid. After weighing, the flasks were 
loosely stoppered and gently shaken for 
over 6 hr. to dissolve the lead totally. 
The lead was determined gravimetrically 
in the solution and wash waters by the 
usual chromate method. The constant 
conditions of each run and the observed 
results are given in Table 5. In the last 
three runs, at low Re, the total change in 
average shot diameter was under 1%, 
and average results for the run are 
reported. Over the first three runs the 
change in average diameter was 6, 7, 
and 2% respectively, and all results 
reported were obtained by extrapolation 
back to zero time. 

The number of transfer units N.T.U. 
was calculated as ¢:/(Ac);, = In [e;/(¢; 
— ¢2)|, from which the height of a transfer 


TaBLeE 4. Mass TRANSFER IN Forcep CoNvEcTION or Mercury Turoucu Zinc TuBES 


Initial Initial Initial 
Tube Initial solution Solu- efflux mass 
Run me: length diam. Scy rate, bility, conc., jp X 103 (Re); velocity G, 
g./sec. wt. % wt. % lb./(hr.) (sq. ft.) 
4 25.0 0.176 0.0120 83.9 20.6 2.18 0.0183 2.95 4,560 22,767 
5 23:0 0.182 0.0120 83.1 70.0 2.41 0.0275 5.25 1,140 7,624 
6 24.7 0.182 0.0118 82.6 53.6 2.17 0.0235 3.00 12,400 58 ,400 
7 24.6 0.187 0.0119 82.7 36.5 2a 0.0264 4.30 7,890 39,190 
8 24.8 0.184 0.0117 82.5 14.5 2.18 0.0310 4.57 3,350 16,530 
9 24.1 0.186 0.0117 $2.7 48.6 2.15 0.0302 4.00 11,120 53 , 790 
11 23.4 0.186 0.0118 83.1 37.5 2:13 0.0279 4.00 8,620 42,110 
\_LEVEQUE 20 
| 
; 
.002 
1000 2 3 7 10000 20 2 
oe 10 20 30 50 70 100 200 300 500 700 1000 200€ 


Fig. 7. Correlation of mass transfer in a tube with forced 


convection. 


Fig. 8. Correlation of mass transfer from a bed of lead 


shot to flowing mercury. 


TasLe 5. Mass TRANSFER IN ForcED CoNVECTION OF Mercury Turoucu Packep Beps or LEAD SPHERES 


Trans- 
Efflux Solu- fer 
conc., bility, units, 
Run °C wt.% wt.% N.T.U. 
1 26.5 0.341 1.721 0.2215 
2 24.8 “O5346 
3 24.0 0.571 1.642 0.428 
4 29.7 1.255 1.833 1.155 
5 29.5 1.527 1.829 1.805 
6 29.1 1.444 1.813 1.593 
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Super- Frac- 

Bed ficial tional Shot 
ht., H.T.U., velocity voids, diam., 
ft. ft. V,ft./see. in. 
0.164 0.740 0.0721 0.499 0.0825 
0.174 0.803 0.1246 0.486 0.0845 
0.156 0.364 0.0242 0.446 0.0853 
0.223 0.193 0.00325 0.507 0.0840 
0.510 0.283 0.00371 0.555 0.0807 
0.512 0.321 0.00134 0.498 0.1721 
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Bed D, H 
diam., 

0.76 820 124.1 19.8 9 24 
0.76 1498 123.5 21.5 9 25 
0.76 314 127.0 10.2 9 22 
1.02 36.9 1383.2 4.82 12 32 
1.02 36.7 1386.3 6.53 13 76 
1.43 31.5 185.7 3.95 8 36 
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unit H.T.U. is obtained as H./N.T.U. 
Then jp by the Gaffney and Drew 
definition was computed as (Sc),°-8/(a 
H.T.U.), which equals (kp/V)(Sc),°*. 
For consistency with usual practice, the 
physical properties are taken at ¢; rather 
than 2, though Gaffney and Drew did not 
correct to 

The agreement between these results 
and the Gaffney and Drew correlation is 
seen in Figure 8 to be roughly within the 
accuracy of the results. The dashed line, 
which would be more convenient for 
mathematical manipulations and should 
be adequately reliable, at least for liquid 
metals from (Re,);/X of 20 to 2,000, has 
the equation 


. _ kp 
= V Sc); = ax 
—0.40 
0.87( 


No significant effect of column diameter 
D, seems to be present. The points at the 
two highest D./D, values (the two upper 
points at low Re/X in Figure 8) lie above 
a smooth curve through the other points, 
but that is opposite to the expected 
deviation. Thus these correlations should 
be suitable for D./D, down to somewhat 
below 8 with reasonable accuracy. The 
beds were at least twenty-two particles 
thick, and the results should be applicable 
to any bed thicknesses above a few 
particles. 


CONCLUSIONS 


1. Experiments on the dissolving of 
horizontal metal vylinders by mercury in 
natural convection and of zine tubes and 
beds of lead shot by mercury in forced 
convection agreed within the experi- 
mental uncertainty with the best avail- 
able dimensionless correlations for mass 
transfer in nonmetals under the same 
conditions (Figures 4, 7, and 8 respec- 
tively). 

2. The logical supposition that mass 
transfer in all liquid-metal systems follows 
the same correlations as in nonmetals is 
strongly corroborated. 

3. Under all the conditions investi- 
gated, mass transfer liquid-metal 
systems follows, within the experimental 
uncertainty, the same correlations as 
does heat transfer in nonmetals, provided 
that the analogous mass transfer quan- 
tities are substituted for the heat transfer 
quantities (Schmidt number for Prandtl 
number, Sherwood number for Nusselt 
number, and solution expansion for 
thermal expansion in the Grashof num- 
ber). 

4. A preliminary acid treatment and 
amalgamation is in general desirable to 
eliminate surface oxide films and to 
obtain immediate uniform wetting of base 
metals by mercury at room temperature; 
otherwise consistent mass transfer results 
are not obtained. 
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5. With well-wetted metal surfaces 
there is no surface or “chemical” transfer 
resistance in addition to the usual liquid- 
phase transfer resistance. 
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NOTATION 


a = surface area per unit volume of 
packed bed, sq. ft./cu. ft. 

c = concentration of solute, lb./cu. ft. 

C = specific heat, B.t.u./(Ib.)(°F.) 

d = differential operator 

D, = diffusivity, sq. ft./sec. except 
where noted 

D = diameter, ft. 

F = the faraday, coulombs/g. equiva- 


lent 
g = acceleration of gravity, ft./sec.? 
h = heat transfer coefficient, B.t.u./ 


(hr.) (sq. ft.) (°F.) 
H = height of bed, ft. 


H.T.U. = height of 1 transfer unit, ft. 
k = thermal conductivity, B.t.u./(sq. 
ft.) (hr.)(°F.) 


kp = mass transfer coefficient, ft./sec. 
L = length, ft. 

N = atom fraction 

N.T.U. = number of transfer units 


R the gas constant, joules/°R. 

t time 

T = absolute temperature, °R. 

u = average velocity, ft./sec. 

v = valence 

V = “superficial” velocity through a 
packed bed, ft./sec. 

w = rate of solution per unit area, 


Ib./(sec.) (sq. ft.) 


Greek Letters 


8 = coefficient of thermal expansion, 

B. = coefficient of volumetric expan- 
sion due to solution, cu. ft./Ib. 

y = activity coefficient of a solute 

Ac = concentration driving force, lb./ 
cu. ft. 

p = density, lb./cu. ft. 

== viscosity, lb./(ft.)(sec.) or Ib./ 


(ft.)(hr.), as required in the di- 
mensionless ratio 


Dimensionless Groups 


Gr, = Grashof number for heat transfer 
(D*gBAT p?) 
= Grashof number for mass transfer 
(D*gB.(c; — ¢)p*)/p 
jo =] factor for mass transfer, Sh 
(Sct/3Re)- 
Nu = Nusselt number hD/k 


2 
| 
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Pr = Prandtl number Cyu/k 

Sc = Schmidt number u/pD, 

Re = Reynolds number Dup/ucpipes) OF 
D,Vp/uX (packed beds) 

Sh = Sherwood number kpD/D, 

X = fractional voids 

Subscripts 

b = ambient or bulk average 

c = column 

f = film 

h = heat transfer 

= interface 


m or D = mass transfer 
packing particles 

zero solute concentration 
inlet stream 

outlet stream 


nore os 
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Continuous Dissolution of Uranium- 
aluminum Reactor Fuels 


A. F. BOEGLIN, J. A. BUCKHAM, L. CHAJSON, R. B. LEMON, D. M. PAIGE, and C. E. STOOPS 


Extensive pilot plant studies of the continuous, mercury-catalyzed nitric acid dissolution 
of uranium-aluminum alloy materials similar to possible reactor fuel elements were carried 
out. Marked differences were observed in the dissolution rates of cast and wrought alloys. 
Optimum feed-acid concentrations varied with the type of alloy. At constant acid feed con- 
ditions dissolving rates varied approximately with the cube root of catalyst concentration 
up to a limiting concentration. The metal dissolving rate was proportional to the 0.8 power 
of the nitric acid feed rate. A general empirical correlation was developed. 


Nuclear reactor fuels are periodically 
processed to separate the fissionable 
material from alloying elements and from 
fission products which may ‘‘poison”’ the 
reactor if they are not removed. Many 
reactors use uranium-aluminum-alloy 
fuel elements of various compositions and 
shapes, the spent fuels being processed by 
batchwise mercury-catalyzed dissolution 
in nitric acid followed by separation of 
uranium from aluminum and _ fission 
products by solvent extraction. It was 


OFF GAS NOz2, NO, 
(N20, He) 


CONDENSATE 


ACID FEED 


anticipated that operating simplifications 
could be achieved by continuous, as 
opposed to batch, dissolution. Conse- 
quently, extensive pilot plant studies of 
the continuous dissolution of uranium- 
aluminum alloys containing up to about 
10 wt. % uranium were undertaken. Data 
and correlations are given for the portion 
of these investigations pertaining to the 
important process relationships in con- 
tinuous dissolution. 


METAL FEED 

R Kg Alloy/Day 
Ra Kg Al/Day 
Ru Kg U/Day 


OVERHEAD 
COOLER 


PRODUCT 
COOLER 


DISSOLVER 
D 
A 
< 


PRODUCT 
SOLUTION 
P liters/hr 

Mp» g-moles HNOsV/liter 


HEATER 


F liters/hr 

N  g-Moles HNOs/hr 
M¢ g-moles HNOs/liter 
m_¢ g-moles Hg /liter 


g-moles Al/liter 
Up 9-moles U/liter 


Fig. 1. Schematic drawing of continuous dissolver. 
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Phillips Petroleum Company, Idaho Falls, Idaho 


TEST EQUIPMENT AND MATERIALS 


The continuous dissolver used in the ex- 
perimental work was a tall 2-in. I.D. type- 
347 stainless steel pipe with a cooling section 
at the top. This overhead cooling section 
and a down-draft condenser of standard 
design were used to condense the steam in 
the off-gas rising from the dissolver solution. 
The acid feed was continuously steam 
heated to near-boiling temperatures; the 
product was water cooled and then col- 
lected in a stainless steel drum placed on a 
platform scale. The acid feed rate was con- 
trolled with a rotameter and measured by 
liquid-level readings on the feed tank. In- 
strumentation for measuring the feed and 
product specific gravities and temperatures 
at various locations was available. 

The reactor fuel material to be dissolved 
was simulated by using cylindrical slugs 
about 11% in. in diameter and 8 in. long. 
Although not representative of M.T.R.-type 
fuel plates, in that the surface-to-volume 
ratio of such bars is much lower than that 
of plates, this form of material was a con- 
venient and economical choice. Extruded 
2S aluminum-bar stock and cast and ex- 
truded uranium-aluminum—alloy slugs were 
used in the experimental work. The slugs 
were loaded periodically through a pair of 
gate valves located at the top of the dis- 
solver. 


GENERAL CONCEPTS 


A schematic diagram of the continuous 
dissolver and the important auxiliary 
equipment is shown in Figure 1. The 
symbols defined on this diagram repre- 
sent the important process variables and 
are used throughout this paper. 

The nitric acid solution and mercuric 
nitrate catalyst solution (a separate 
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stream if so desired) are fed at the bottom 
of the dissolver, and uranium-aluminum 
slugs are charged intermittently into the 
top of the vessel. The acid dissolves the 
slugs as it flows countercurrent to the bed 
of metal, and the product solution is 
withdrawn through an overflow pipe. At 
constant feed rates for slugs, acid, and 
catalyst the metal level will seek an 
equilibrium value, and a steady dissolu- 
tion rate and uniform product com- 
position should be obtained. The system 
is then inherently stable in that minor 
process fluctuations will be compensated 
by changes in the slug level and, hence, 
the surface area available for dissolution. 

When slugs are added at the desired 
dissolution rate, the equilibrium metal 
level is dependent upon the quantity of 
acid fed and the catalyst concentration. 
The amount of acid fed may differ from 
that stoichiometrically equivalent to the 
metal feed rate, and the extent of this 
difference will be reflected in the product 
composition. Hence the acid feed rate 
required for a given dissolution rate is 
determined by the product composition 
needed for satisfactory performance in 
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1. MERCURIC NITRATE CONCENTRATION (SHAPE) 


the subsequent process steps. The con- 
centration of the acid in the feed also 
restricts the product composition to 
definite ratios of aluminum, uranium, and 
acid concentration. The mercuric-ion 
(catalyst) concentration in the feed might 
also be expected to affect the reaction 
kinetics. The effects of these three param- 
eters (acid feed rate, feed acid concentra- 
tion, and catalyst concentration) on 
dissolution rate are the most important 
dissolver process relationships that were 
investigated. 


DISSOLVER PROCESS RELATIONSHIPS 
General Discussion 


In a correlation of the effects of the 
process variables aluminum dissolving 
rate R, (kg./24-hr. day) has been used as 
the major parameter. This quantity has 
been selected because it links results 
obtained with the specific uranium- 
aluminum alloy used in the experimental 
work with quantities predictable for 
alloys of other compositions. The alloy 
used in this work was approximately 
10 wt. % uranium, or about 99 mole % 


aluminum, and so the reaction is essen- 
tially the dissolution of aluminum. In 
order to obtain the uranium dissolving 
rates for an alloy of similar composition 
and metallurgical characteristics from 
the aluminum dissolving rates presented 
in the subsequent correlations, one need 
only multiply by the ratio of percentage 
of uranium to percentage of aluminum. 

The product nitric acid concentration 
is used in all correlations as an index of 
product composition. This property is 
related to the aluminum concentration 
by stoichiometry and can be readily con- 
verted by use of the relationships dis- 
cussed below. 


Stoichiometry 


A general discussion of the material- 
balance relationships and the reaction 
stoichiometry will clarify subsequent cor- 
relations of the effect of each of the process 
variables. 

Samples of the continuous dissolver 
off-gas were analyzed in a number of runs. 
Table 1 shows the average analysis, the 
reactions indicated, and the calculation 
of the average moles of acid consumed 


O-LESS. THAN 0.003 M 
O-0.003 TO 0.907 M 
Q-ABOVE 9.007 M 

2. TYPE OF SLUG (COLOR) 


CLEAR (0,Q, etc) - CAST 
DARK (@,@, etc.) - EXTRUDED 


3. ACID FEED MOLARITY (LINE THROUGH POINT) 


VERTICAL LINE (,@,etc.)-BELOW 5.0 M 
HORIZONTAL LINE (>, etc.)-ABOVE 5.0 M 


NO LINE -5.0T06.0 M 
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Fig. 2. Stoichiometric correlation of data. 
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N, NITRIC ACID FEED RATE, g-moles HNO3/hr 


Fig. 3. Variation of dissolution rate with acid feed rate. 
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TABLE 1. THe MERCURY-CATALYZED DISSOLUTION OF ALUMINUM IN Nitric AcID 


Moles of acid % of Al 

consumed / dissolved 

mole Al through 

Assumed reaction dissolved reaction shown * 

Al + 6 HNO; = Al(NO3)3 + NOs + 9 20 6.00 1 
Al + 4 HNO; = Al(NO3)3; + NO + 2 H.O 4.00 52 
8 Al + 30 HNO; = 8 Al(NO;3)3 + 3 a0 + 15 H.O 3.75 46 
2 Al + 6 HNO; = 2 Al(NO;)3 + 3 He 3.00 1 


Calculated weighted-average acid consumption 


+7 These values are ¢ alculated from the following average of dissolver off-gas samples: NO2 = 


N20 = 23%, Ho = 3%. 


32 


= 3.85 


4%, NO = 70%, 


=0.0IM 
28 O 


Yo 


| m¢=0.002M 


@ 


RG,99, ALUMINUM DISSOLVING RATE, Kg OF Al./day 


CATALYST CONCENTRATION, my: 
-0.01M 
@ - 0.002 M Hg*+ 
2-DISSOLVING RATES, Ra, NORMALIZED 
TO AN ACID FEED RATE, N, OF 
200 g-moles /hr by Ra 


NOTES 


4 4 


6 8 10 


ng, NITRIC ACID FEED CONCENTRATION, g-mol./f 


Fig. 4. Effect of feed acid concentration for cast slugs. 


for each mole of aluminum dissolved; the 
small mole fraction of uranium in the 
alloy is neglected. Using this calculated 
value of 3.85 for the average acid con- 
sumption ratio, in conjunction with a 
nitric acid material balance around the 
dissolver, one obtains the following equa- 
tion for the ratio of product acidity (n,) to 
feed acidity (n;): 


(1) 


where N is the acid feed rate in gram- 
moles per hour and R, is the kilograms of 
aluminum dissolved per day. In the 
derivation of Equation (1) the ratio of 
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volumetric product rate P to volumetric 
feed rate F was set equal to 1. This is 
considered valid because experimental 
data showed that the maximum error 
introduced by this assumption is less than 
1%. 
Equation (1) is shown graphically in 
Figure 2, along with experimental data 
from a large number of pilot plant runs. 
The data are seen to agree closely with 
the line representing Equation (1). It is 
important to note that data from runs 
with wide variations in feed mercuric ion 
concentration, feed acid concentration, 
and metallurgical properties of the alloy 
are randomly distributed in Figure 2, 
showing that the. reaction stoichiometry 
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is not significantly influenced by these 
variables. 

The nitric acid consumption for all 
runs averaged 4.0 moles per mole of alloy 
dissolved and was within 10% of this 
value for 85% of the runs. This further 
shows the validity of Equation (1) as an 
average representation of the reaction 
stoichiometry. 


Effect of Metallurgical Properties 


Metallographic examination of the 
cast and extruded uranium-aluminum 
slugs used in these studies revealed signi- 
ficant differences in crystalline structure. 
The cast slugs consisted of relatively large 
dentrites of primary aluminum (first to 
freeze during solidification) surrounded by 
networks of eutectic of UAl, and alumi- 
num. Examination of extruded slugs of 
the same composition showed a fairly 
uniform distribution of aluminum and 
intermetallic compound, with the eutectic 
network broken and less pronounced. 

As might be expected, slugs showing 
such dissimilarities in alloy structure had 
different dissolving characteristics. At a 
constant feed acid composition and 
catalyst concentration extruded uranium- 
aluminum slugs dissolved about twice as 
fast as comparable cast material. 

A number of runs were carried out with 
lengths of extruded aluminum rod. It was 
found that 2S aluminum rod dissolved at 
a rate very slightly lower than that for 
extruded uranium-alloy slugs; conse- 
quently, the runs made with the former 
material were considered representative 
of the behavior of extruded uranium- 
aluminum slugs. Furthermore, as the 
uranium contained in the extruded alloy 
has little effect on the dissolution rate, 
it may be concluded that extruded alloys 
of a composition somewhat different from 
the slugs used in this study will dissolve 
at comparable rates. 

Differences in fabrication histories for a 
given alloy, however, would be expected 
to give significant differences in dissolu- 
tion rate corresponding to differences in 
alloy structure. Consequently, the numer- 
ical dissolution-rate relationships pre- 
sented in this paper must be considered 
applicable only to the specific materials 
used in this study. Furthermore, the 
effects of irradiation were not investigated. 


Effect of Acid Feed Rate 


Several series of runs were made at 
constant feed acid and catalyst concen- 
trations and varying acid feed rates. The 
results are shown in Figure 3, which is a 
logarithmic plot of the dissolving rate 
R, against the acid feed rate V. The slope 
of each of the lines is 0.8, which indicates 
that the dissolving rate is proportional to 
the 0.8 power of the acid feed rate at all 
conditions tested. This relationship ap- 
pears to be quite general, and through its 
use the results from many runs have been 

“normalized” to a single acid feed rate to 
facilitate other correlations. 
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Fig. 6. Effect of mercuric ion concentration. 


Effect of Feed Acid Concentration 

Several runs were made with varying 
feed acid concentrations, all other param- 
eters being held constant, in order to show 
the effect of acid concentration upon the 
dissolving rate. The results of such tests 
are shown in Figures 4 and 5, wherein the 
dissolving rates R, have been ‘“‘normal- 
ized” to an acid feed rate N of 200 


Vol. 2, No. 2 


g.-moles/hr. by the relationship R,a(N)°’. 
It will be noted that the maximum dis- 
solution per mole of acid fed for cast 
slugs is obtained with about 3M acid 
feed; this maximum is seen to remain 
the same even when the feed catalyst 
concentration is changed by a factor of 5. 
The dissolving rate curve for extruded 
slugs was determined at only one catalyst 
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concentration; in this case the maximum 
rate occurs with about 5M acid. 


Effect of Catalyst Concentration 


Series of runs were made with both 
cast and extruded uranium-aluminum 
alloy at varying acid feed rates with 5.6M 
acid feed and a range of feed mercuric 
nitrate concentration between 0.00005 
and 0.08M. The results of these runs are 
shown in Figure 6, wherein the acid 
feed rate is normalized to a standard 
value of 200 g.-moles/hr. by means of the 
0.8 power relationship of Figure 3. It is 
apparent from Figure 6 that an increase 
in mercuric nitrate concentration in the 
feed results in a definite and significant 
increase in dissolving rate for both cast 
and extruded alloy up to a limiting 
mercuric ion concentration. Further in- 
creases in mercuric ion concentration 
above approximately 0.015M for cast 
slugs and 0.005M for extruded slugs 
yield no corresponding increase in dis- 
solving rate. Below these limiting cata- 
lyst concentrations the linear relation- 
ships on the logarithmic plot of Figure 6 
can be represented by the following 
empirical equations: 


cast alloy: 


R, = 1.745N°*m,""* (2) 
extruded alloy: 
R, = 3.39 N°*m,* (3) 


General Correlation 


Equation (1) can be combined with the 
foregoing empirical equations to include 
the product composition and eliminate 
the acid feed rate, giving the following 
relationships: 


cast alloy: 


t 
R, = 20,200(m,)' (4) 


ny — 
extruded alloy: 


4 
R, = 557,000(m,) (.- ©) 


These equations show the relationship 
between the feed and product composi- 
tions and the dissolving rate for the dis- 
solver used in the experimental work. 

Strictly speaking, Equations (4) and 
(5) are applicable only for 5.6M acid feed 
as Equations (2) and (3), which are used 
in the derivation, were determined at 
this concentration. However, the plots of 
dissolution rate as a function of acid 
concentration (Figures 4 and 5) show 
little variation in rate for acid concen- 
trations between 3 and 6M for either cast 
or extruded slugs. Consequently, Equa- 
tions (4) and (5) are approximately 
correct for feed acid concentrations 
between 3 and 6M and are most accurate 
for 5.6M acid. 

These equations are also significant in 
that they can be used to show the effect 
of the important process variables on 
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Fig. 7. General dissolver relationship. 


dissolution rate at a constant product 
composition. The correlations developed 
in previous sections were obtained by 
keeping the feed conditions constant, 
except for the variable being studied, 
and allowing the product composition 
to vary at will. However, normal con- 
tinuous dissolver operation would be 
directed toward keeping a_ constant 
product composition (within specifica- 
tions for feed to a subsequent process 
step) and varying other conditions as 
necessary. 

Equations (4) and (5) show that the 
dissolution rate varies with the 1.65 
power of the catalyst concentration at 
constant product composition; whereas 
Equations (2) and (3) indicate a variation 
with the cube root of the mercuric ion 
concentration at constant acid feed rates. 
Beyond the limiting catalyst concentra- 
tions, an increase in mercuric ion molarity 
will give no corresponding increase in 
dissolution rate at either constant feed 
acid rate or a constant product concen- 
tration. 

Insertion of these limiting catalyst con- 
centrations in Equations (2), (8), (4), 
and (5) demonstrates that the maximum 
dissolution rate attainable at a constant 
product composition is about three times 
greater for extruded alloy than for cast 
material; whereas this ratio is only about 
1.5 at a constant acid feed rate. At a 
given catalyst concentration below the 
limiting value, extruded alloy dissolves 
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about thirty times faster than cast 
material for a constant product composi- 
tion and only about twice as fast at a 
constant feed acid rate. 

The effect of catalyst concentration on 
the dissolution rates of cast and extruded 
alloy for a constant product composition 
may be illustrated by inserting specific 
values for the feed and product acidity 
in Equations (4) and (5) and plotting 
the resultant relationships. For the sake 
of illustration, it may be assumed that 
a 1M acid product is optimum for sub- 
sequent processing. Since a 5.6M acid 
feed was used in most of the experimental 
work and the resultant correlations, this 
value is chosen for insertion in Equations 
(4) and (5). The resultant relationships 
are 


cast alloy: 

R, = 442 X 
extruded alloy: 

R. = 1.22 X 10°%(m)**" 


Equations (6) and (7) are plotted on 
Figure 7. 

The significantly greater dissolution 
rate of extruded alloy as compared with 
cast material should be of special interest 
to those concerned with designing the 
fuel elements for a reactor. If there is little 
difference in the reactor performance of 
extruded and cast uranium-aluminum 
fuel alloys, extruded material should be 
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specified as its considerably greater dis- 
solution rate could result in significant 
savings in fuel-processing costs. 


DISSOLVER OPERATION AND CONTROL 


Normally a plant-scale continuous dis- 
solver would probably be operated with 
all input streams (feed acid, catalyst, and 
metal) controlled at selected constant 
rates. These rates:should be chosen so 
that they are stoichiometrically equiva- 
lent to the desired dissolution rate and 
product composition. With such opera- 
tion, the metal would seek an equilibrium 
level in the dissolver and the process 
would be inherently stable, as small 
changes in some parameter would alter 
the slug level (and hence the available 
surface area) so as to compensate for the 
change. 

Although this inherent stability would 
normally give a uniform product com- 
position, unusual conditions could occa- 
sionally yield product which did not meet 
specifications. Such occurrences could 
be detected by continuous measurement 
of the specific gravity of cold dissolver 
product; this was successfully demon- 
strated during the pilot plant tests. 

An adjustment in operating conditions 
must be made whenever it is apparent 
that the dissolver effluent will not meet 
specifications for subsequent processing. 
Various possible methods of adjusting 
the product composition were tested in 
the pilot plant including changes in feed 
acid concentration, in the acid feed rate, 
in the dissolver temperature, in the metal 
feed rate, and in catalyst concentration. 
The last method proved most satis- 
factory. 

This method of adjustment has the 
advantage of not changing the metal or 
volumetric throughputs, and hence nearly 
the entire plant would function normally 
regardless of the rate of catalyst addition. 
With such a method the catalyst should 
logically be injected into the feed stream 
separately from the dilute acid to 
facilitate adjustments in catalyst feed 
rate. Several successful pilot plant runs 
were made to show the effect of such 
changes in catalyst concentration on the 
product analysis and on the specific 
gravity as recorded on an instrument 
chart. 


CONCLUSIONS 


Data and correlations have been given 
for the process relationships of concern 
in the continuous dissolution of certain 
uranium-aluminum alloys. These cor- 
relations can be used to aid in the design 
of a workable dissolver for processing 
uranium-aluminum-—alloy reactor fuels at 
any given capacity to meet a wide range 
of product composition specifications. 


Presented at Nuclear Science and Engineering Con- 
gress, Cleveland. 
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Diffusion of Uranium Through Graphite 


L. D. LOCH, J. R. GAMBINO, and W. H. DUCKWORTH 


Battelle Memorial Institute, Columbus, Ohio 


Diffusion rates of uranium through graphite were determined in the temperature range of 3,000° to 4,350°F. The diffusion couples 
consisted of sintered UC, disks in contact with graphite rods. The observations indicated two distinct types of uranium transport which 
could be associated with volume diffusion and with migration along pores respectively. 

Volume diffusion was characterized by steep concentration gradients and shallow penetration. The diffusion coefficient D,, in sq. cm./ 
sec. between 3,300° and 4,250°F., is given by an equation. Above 4,250°F. incipient melting of the UC, was evident and the diffusion 
coefficients were much higher than those given by the equation. 

As an example of the penetration resulting from volume diffusion, calculations show that, after 1,000 hr. at 4,200°F. the uranium 
concentration at 0.1 cm. from the interface will be 1,000 mg./cc., compared with 10,000 mg./cc. for pure UC. 

Pore migration resulted in uranium penetration far beyond that arising from volume diffusion at equivalent temperatures and diffusion 
times. However, uranium concentrations were very small compared with those corresponding to volume diffusion. Pore migration is 


strongly temperature dependent. 


To estimate the practical importance of pore migration, the uranium flow through a graphite wall at 3,000°F. was measured. With a 
wall thickness of 0.32 cm., the average flow per unit area was 0.015 mg./(sq. cm.)/(hr.) for a 40-hr. test. 


Graphite was used in the first nuclear 
reactor because it is a good moderator 
and because large amounts of pure 
graphite were obtainable. The early 
reactors were designed to operate at 
relatively low temperatures. However, 
graphite also is very well suited as a 
moderator and structural material for 
power-producing reactors. Except for its 
poor oxidation resistance, it has generally 
attractive properties for high-temperature 
service—high thermal conductivity, good 
strength, and excellent resistance to 
thermal shock and to creep. 

There are several important areas in 
which more data are needed to extend 
the use of graphite in power reactors. 
Among these is the need for information 
on its compatability with nuclear fuels 
at high temperatures. 

Uranium dioxide and uranium dicar- 
bide are two high-melting fuel compounds 
which have been considered for use in 
contact with graphite. As the oxide 
reacts with graphite at high temperatures 
to form the carbide, uranium: dicarbide 
appears to be the more suitable com- 
pound to use with graphite. 

Uranium dicarbide, UC:, is known to 
be relatively unreactive with graphite up 
to its melting point, but few data on the 
diffusion of uranium from UC, into 
graphite have been reported. In fact, 
prior to this investigation, the only 


J. R. Gambino is now at General Electric Com- 
pany, Schenectady, New York. 
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systematic study of the problem appears 
to be that made by Loftness (1). 

Loftness measured the diffusion of 
uranium from UC,-impregnated graphite 
into pure graphite at temperatures be- 
tween 3,900° and 4,700°F. The impreg- 
nated graphite had a uranium concen- 
tration of approximately 250 mg./ce. 
Loftness concluded that volume diffusion 
was the only important diffusion mecha- 
nism contributing to his results. 

The present study deals with diffusion 


2.220 cm 
(specimen diameter) 
1.650-cm diam 
Fig. 2. Cutting <— 1.520-cm diam —> 
scheme for 
diffusion couples. 1.270-em diam 
| 


Fig. 1. Pore-size 


AUF graphite. 


from massive UC, into graphite. The 
results should be applicable to a variety 
of reactor-design problems. 


MATERIALS 


Synthetic graphite, designated type AGOT 
by The National Carbon Company, was 
used in the experiments. This material, made 
and purified for use in reactor applications, 
is otherwise a typical high-grade commercial 
graphite, prepared by heating a mixture of 
petroleum coke and coal-tar pitch to graphi- 
tizing temperatures. 


~~ Three 0.0142-em-thick disks 


ite, Three 0.0284-cm-thick disks 


3.38 cm 
(specimen length) 


Eight annular rings of various 
thick. te 


multiple disk as 
shown 


\ Three 0.142-cm-thick disks 


Exaggerated view (no scole) 
to show relative locations 
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Despite multiple impregnations by pitch 
to increase the density, the void content 
ranges from 23 to 27% of the total volume. 
The pores are largely interconnected and 
permeable to gases. Figure 1 gives the mer- 
cury pore spectrum of AUF graphite, which 
is structurally similar to AGOT. The grains 
of AUF and AGOT graphites range from 
1 to 20 w and contain crystallites 2,000 A. 
long in the direction of the basal plane; the 
majority of the pores, 80%, are in the same 
size range as are the grains. 

Massive uranium dicarbide was crushed 
in a steel mortar to pass a 200-mesh sieve. 
All handling of the UC, was performed 
under carbon tetrachloride to prevent oxida- 
tion. Chemical analysis of the UC, showed 
8.44% carbon, compared with the theoreti- 
cal carbon content of 9.16%. 

To prepare specimens, the graphite was 
machined into cylinders 3.8 em. long and 
2.2 cm. in diameter. The axes of the cylin- 
ders were parallel to the direction of ex- 
trusion. End surfaces were polished with 
600-grit silicon carbide abrasive paper. 

The UC, powder and 0.75 wt. % paraffin, 
added as a carbon tetrachloride solution, 
were thoroughly mixed, and then the carbon 
tetrachloride was evaporated in air. The 
resultant powder was pressed at 22,600 
lb./sq. in. into disks which were sintered in 
vacuum at 4,200°F. for 11% hr. One side of 
each disk was polished under carbon tetra- 
chloride with 600-grit SiC paper. The fin- 
ished disks were 0.3 em. thick and 1.8 em. 
in diameter. They were stored under carbon 
tetrachloride until used. 


EXPERIMENTAL PROCEDURES 


Each diffusion couple consisted of a sin- 
tered uranium carbide disk resting on one 
end of a graphite cylinder. The UC, was 
held in place temporarily by an organic 
adhesive which carbonized during heating. 
The diffusion couple was placed in a carbon- 
tube resistor furnace with the axis of the 
cylinder vertical and heated to maximum 
temperature in about 2 hr. Furnace tem- 
peratures were read to +20°F. with a 
Leeds-Northrup optical pyrometer. Correc- 
tions were made in the temperature readings 
for losses in the glass lens and mirror used in 
sighting. The furnace was cooled overnight 
to room temperature before the couple was 
removed. 

Argon entering the furnace was passed 
over heated titanium granules to remove 
nitrogen and was dried with anhydrous mag- 
nesium perchlorate. Traces of carbon mon- 
oxide were present in the furnace atmos- 
phere. 

After each diffusion couple was removed 
from the furnace, the UC, disk was detached 
and the graphite was sectioned on a lathe in 
accordance with the diagram in Figure 2. 
In every case when the couple was separated, 
part of the graphite stuck to the UCs, leav- 
ing an irregular graphite surface. Therefore 
the distance of each cut from the original 
interface was measured with reference to the 
periphery of the graphite face, which was 
undamaged. As the UC, disks were smaller 
in diameter than the graphite rods, the 
peripheral area was not in contact with UC, 
during heating. 

The cutting operation permitted an ac- 
curacy of +0.0005 cm. in measuring the 
thickness and penetration distance after 
each cut. Penetration distance was recorded 
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TABLE 1. URANIUM CONCENTRATION-PENETRATION DATA 


Specimen 23, 
3,800°F., 16 hr. 


Specimen 32, 
3,600°F., 8 hr. 


Uranium Uranium 
concentration, Depth of cut, concentration, Depth of cut, 
Cut mg./ce. em. mg./ce. cm. 
1 1,200 0.004 73.0 0.004 
2 110 0.011 2.0 0.011 
3 6.1 0.019 0.83 0.019 
4 3.6 0.027 0.46 0.027 
5 2.2 0.034 0.31 0.034 
6 1.8 0.045 0.41 0.045 
a 0.84 0.061 0.36 0.061 
8 0.64 0.076 0.41 0.076 
9 0.46 0.099 0.57 0.099 
10 0.40 0.130 0.54 0.130 
11 0.36 0.160 0.39 0.160 
12 0.24 0.252 0.16 0.252 
0.405 0.01 0.405 
14 0.03 0.558 0.006 0.558 
— 0.006 0.611 
Specimen 19, Specimen 15, 
4 ,350°F., 2 hr. 4 ,250°F., 12 hr. 
Uranium Uranium 
concentration, Depth of cut, concentration, Depth of cut, 
Cut mg./ce. cm. mg./ce. em. 
1 N.D.* 0.004 N.D. 0.004 
2 9207 0.011 850 0.011 
3 973 0.019 115 0.019 
4 600 0.027 3.3 0.027 
5 254 0.034 2.8 0.034 
6 50 0.042 2.1 0.042 
7 5.3 0.050 2.5 0.050 
8 2.9 0.058 2.6 0.058 
9 2.6 0.069 2.3 0.069 
10 2.0 0.079 1.8 0.079 
ll 125 0.092 12%, 0.092 
12 0.97 0.117 1-7 0.117 
13 ipa 0.140 1.2 0.140 
14 0.88 0.170 1.3 0.170 
15 1.08 0.261 Lt 0.261 
16 0.61 0.413 0.73 0.413 
17 0.55 0.505 0.67 0.505 
*N.D. = no determination. 


+This point was not shown in Figure 3 as it was in obvious error and is less reliable than deeper points. 


Complete tabular data are filed as document 4830 with the American Documentation Institute, Photo- 


duplication Service, Library of Congress, 


Washington 2 
or 35-mm. microfilm. 


5, D. C., and may be obtained for $1.25 for photoprints 


Specimen 
(2nr at 4350 F) 


Specimen 


Specimen 


(i2hr at 4250 F) — ih 


400} (16 hr at 3800 F) 


Uranium Concentration, mg per cm? 


0 0.01 0.02 
Penetration 


Distance, cm 


Fig. 3. Representative concentration-penetration curves for shallow penetration. 


as the distance between the original inter- 
face and the midpoint of the cut. 

Material shaved off by the lathe was 
collected carefully and its uranium content 
analyzed by a fluorophotometer (2). The 
accuracy of the analyses was +10% of the 
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uranium content. The center cuts shown in 
Figure 2 were used to obtain concentration- 
penetration curves. The outer cuts were 
analyzed only to determine whether radial 
diffusion had an effect on the uranium con- 
centrations resulting from linear diffusion. 
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RESULTS AND DISCUSSION 


The heating conditions and concentra- 
tion-penetration data for the experiments 
are shown in Table 1. Representative 
penetration curves for the first few cuts 
are shown in Figure 3. The curves for 
specimens 15 and 23 in Figure 3 are 
typical of those obtained at and below 
4.250°F. Experiments at 4,300° and 
4,350°F. produced curves similar to the 
one shown in Figure 3 for specimen 19. 

Figure 3 shows a strong dependence of 
penetration distance on temperature. At 
4,350°F., which is near the melting point 
of uranium dicarbide (3), the penetration 
was 0.04 em. after only 2 hr., and heating 
for 16 hr. at 3,800°F. produced a penetra- 
tion of less than 0.02 cm. 

An unusual feature of the results was 
the appearance of two types of concen- 
tration gradients: (1) large gradients near 
the interface, as shown in Figure 3, and 
(2) small gradients at deeper penetrations. 
The two types of gradients are illustrated 
in Figure 4 for specimen 15. Even though 
the concentrations at the deeper penetra- 
tions were small, they were significant. 
The data are plotted in Figure 4 as log 
concentration vs. distance only for con- 
venience; the straight lines should not be 
taken as an indication that linear rela- 
tionships were obtained with this type 
of plot. 

The dependence of concentrations near 
the interface on depth and time was found 
to be consistent with diffusion equations 
and sufficiently well defined to permit the 
determination of diffusion coefficients. 
However, the data were not sufficient to 
answer secondary questions, such as 
whether the diffusion coefficient in the 
carbide was the same as in the graphite 
where the uranium concentration was 
much lower. Accordingly, analysis of the 
data was based on the equation 


Specimen 15 


Uranium Concentrotion, mg per cm 


005 O10 O15 O20 025 030 035 040 045 050 055 
Penetration Distance, cm 


Fig. 4. Comparison of the two types of con- 
centration gradients. 
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= E — erf (=) | 


where Cy = 10,000 mg./ce. 


This equation is applicable to the 
results of the present investigation pro- 
vided that (1) there is no very large 
dependence of the diffusion coefficient on 
concentration, (2) no appreciable change 
in concentration occurs at the extremities 
of the couple, and (8) the effect of radial 
diffusion is negligible. Auxiliary experi- 
ments showed that the diffusion times 
used in this work were sufficiently short 
to prevent depletion of uranium at the 
outer extremities of the UC: disks. Also 
the center cuts which were taken for 
analysis were shown to be close enough 
to the center line so that radial diffusion 
might be ignored. 


In accordance with the foregoing 
equation, the concentration-penetration 
data were plotted as 100 C/C> on the 
probability scale vs. x/(t)!/2 on a linear 
scale. Straight lines were drawn through 
the data for the shallow penetrations so 
as to intersect the point 100 C/Cy = 50 
and x/(t)!/2 = 0. In most cases it was 
not necessary to force this intersection, 
showing that the assumption of constant 
D on both sides of the interface was not 
unreasonable. The plots obtained for the 
experiments at 4,200° and 4,300°F. are 
shown in Figure 5. All the plots showed a 
definite tail marking the transition from 
shallow penetration to deep penetration 
noted in Figure 4. 


For the experiments at 4,200°F. and 
above, there were enough points available 
and the straight-line fit was sufficiently 
good to calculate a diffusion coefficient 
with some certainty. For specimens 13 
and 19, however, very little weight was 
given to the first cut because of the 


uncertainties in the concentration and in 
the penetration distance. 

For the experiments at 3,300°, 3,600°, 
3,800°, and 4,000°F. the first cut again 
was doubiful, leaving only one or two 
reliable points in each case. Straight lines 
were drawn to fit the points as well as 
possible. Under the circumstances, the 
values of D obtained from these experi- 
ments are not so reliable as those at the 
higher temperatures. 

The values of D obtained for shallow 
penetration are shown in Table 2. A plot 
of log D vs. 1/T is shown in Figure 6 
along with values obtained by Loftness 
(1) for comparison. 


TaBLeE 2. DirFrusION COEFFICIENTS FOR 
SHALLOW PENETRATION 


Diffusion coefficient 


Temperature, °F. D, sq. em./sec. 


4,350 1.9 X 10-8 
4,300 3.6 X 10-9 
4,250 1.0 x 10-9 
4,200 7.4 10-1 
4,000 6.8 X 
3,800 1.6 X 10-1 
3,600 4.1 X 10-0 
3,300 2.4 


A least-squares treatment of these data 
was not made because the substantial 
uncertainties at the four lowest tempera- 
tures could not be estimated at all well. 
The line shown in Figure 6 was drawn by 
inspection. Using this line, one finds 
that the diffusion coefficient D in sq. 
em./sec. between 3,300° and 4,250°F. 
is given by the equation 


D =7.6 X exp (—82,000/RT) 


On the basis of close inspection of the 
data, it is estimated that the activation 
energy of 82,000 cal./g.-atom may be in 


s/t 2, em-net 


Fig. 5. Plots showing agreement of shallow-penetration data with Fick’s Law. 
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error by as much as 20,000 cal./g.-atom, 
which is not unduly high for diffusion 
experiments of this type. The rather high 
value of the activation energy suggests 
that volume diffusion is the major con- 
tributor to shallow penetration of ura- 
nium. 

The results obtained in this investiga- 
tion are in general agreement with those 
reported by Loftness. His activation 
energy of 53,000 cal./g.-atom is not sig- 
nificantly different. The only important 
difference is seen in the results at tempera- 
tures above 4,250°F., where Loftness did 
not observe the sharp increases in diffu- 
sion rates noted in the present investiga- 
tion. A possible reason for this may be that 
in Loftness’s experiments the uranium 
dicarbide initially was distributed in thin 
layers on the pore walls in the graphite. 
Thus it easily could take up excess 
carbon, which prevented melting of the 
carbide (3). In the present experiments 
the amount of carbon available to the 
UC, was limited, and so some melting 
occurred at 4,300°F. and above. 

Calculation of uranium penetrations by 
volume diffusion for long times indicates 
that this type of diffusion may be of less 
practical importance than the type 
referred to as deep penetration; for 
example, after 1,000 hr. at 3,200°F. the 
uranium concentration would be expected 
to decrease from 10,000 mg./cc. in the 
UC, to 1,000 mg./ce. at 0.01 em. inside 
the graphite. After 1,000 hr. at 4,200°F. 
the concentration should be 1,200 mg./ce. 
at 0.1 cm. from the interface. Deep 
penetration, on the other hand, reaches a 
depth of a centimeter or more in a few 
hours at these temperatures. 

Deep penetration must occur by way 
of the pores and may logically be called 
pore migration. Although it is presumably 
a type of diffusion, the available data 


Loftness 
C Present dato 


0, cm? per sec 
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Fig. 6. Dependence of diffusion coefficient 
on temperature for shallow penetration. 
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give no evidence for this and do not 
justify the estimation of diffusion co- 
efficients. To obtain some conception of 
the temperature dependence of the 
process, the data were plotted as log Q/t 
vs. 1/T, where Q is the amount of 
uranium absorbed by the graphite as a 
result of pore migration and ¢ is the time. 
In the present experiments volume 
diffusion was negligible at depths greater 
than 0.05 cm.; only the uranium which 
penetrated deeper than 0.05 cm. was used 
in calculating Q. The resultant plot is 
shown in Figure 7. 

Pore migration shows a temperature 
dependence which is qualitatively similar 
to that observed for volume diffusion. A 
sharp increase in rate again was noted 
above 4,250°F. 

One experiment was made to estimate 
the uranium loss through a graphite wall 
due to this form of transport. The 
uranium flow was measured through a 
thin-walled tube 14 in. in diameter and 
4 in. long, closed at one end. Uranium 
dicarbide powder of 325 mesh was 
tightly packed in the 14-in. bore of the 
tube to a depth of 14 in. and the bore 
closed with a graphite plug. The tube 
was placed in a carbon-black absorption 
bed contained by a tube 1 in. in diameter. 
The assembly was placed vertically in a 
vacuum furnace similar to that described 
by Smith (4), so that only that portion 
of the inner tube which contained the 
UC, was in the hot zone of the furnace. 
In this manner uranium leakage around 
the plug was minimized. 

The uranium lost per unit area was 
0.6 mg./sq. em. after 40 hr. at 3,000°F. 
Under these conditions the penetration 
depth by volume diffusion would be 
about 0.004 em. compared with the wall 
thickness of 0.32 em. Therefore the 
uranium picked up in the carbon black 


— 


0.0! 


Averoge Rate of Uranium Sorption, mg per hr 


3.6 38 40 42 44 46 


4 
+ x10*, 


Fig. 7. Dependence of pore migration on 
temperature. 
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must have reached the outer wall of the 
graphite tube by pore migration. 


SUMMARY AND CONCLUSIONS 


Uranium transport through polycrys- 
talline graphite was measured in the 
temperature range of 3,000° to 4,350°F. 
Two forms of transport were observed: 
volume diffusion and pore migration. The 
volume-diffusion coefficients obtained in 
this investigation are in good agreement 
with those reported by Loftness (1). The 
activation energy of 82,000 + 20,000 
cal./g.-atom is not significantly different 
from Loftness’s value of 53,000 cal./g.- 
atom. Within the time and temperature 
ranges studied, depths of penetration by 
pore migration were about 100 times as 
great as those by volume diffusion. 
Therefore, for practical purposes, pore 
migration may be the more important 
type of uranium transport. 

A better understanding of pore migra- 
tion is needed. More experiments, with 
graphites of widely different pore struc- 
tures, will be helpful. It is of particular 
interest to determine whether pore 
migration occurs to the same extent in 
very dense graphites as it does in ordinary 
graphites. 


NOTATION 

C = uranium concentration, mg./ce. 

Co = initial uranium concentration, mg. 
/ce. 

D = diffusion coefficient, mechanism 


unassigned, sq. em./sec. 


D, = diffusion coefficient for volume 
diffusion, sq. em./sec. 


R = gas constant = 1.987 cal./(g- 
atom) (°K.) 
t = time, hr. 
T = temperature, °K. 
x = penetration distance, cm. 
exp = base of the natural logarithms = 
2.71828 
x 
2 


where z is a variable of integration 


exp (—2’) dz, 
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Flow Distribution Among 
Parallel Heated Channels 


ALAN R. GRUBER and SEYMOUR C. HYMAN 


Nuclear Development Corporation of America, White Plains, New York 


The coolant flow distribution among parallel tubes in a nuclear reactor (or boiler or 
heat exchanger ) can be very sensitive to variations in heat input, dimensions, etc. Analytical 
expressions are given for partial derivatives which measure flow variations for several 
situations. The utility of orifices and valves in reducing flow sensitivity is discussed. 
Numerical results are reported for a system using water at supercritical pressures with an 


eightfold expansion from inlet to outlet. 


Important flow-sensitivity problems can 
arise in the design of a nuclear power 
reactor in which the coolant undergoes an 
appreciable decrease in density while 
passing through the reactor. In such a 
case the distribution of the coolant flow 
among parallel cooling tubes can become 
very sensitive to variations in heat input 
and dimensions from tube to tube, as 
well as to pressure variations in the 
headers. The term flow sensitivity has been 
coined in connection with some studies of 
this type on water at pressures above the 
critical. 

Flow sensitivity is measured by the 
ratio of the fractional change in mass 
flow rate to the fractional change in 
average heat flux to a tube at constant 
pressure drop. In a similar way, terms 
have been created to refer to the varia- 
tions in outlet fluid temperature and in 
maximum tube wall temperatures due 
to changes in heat flux, mass flow rate, 
tube shape or dimensions, etc. All these 
factors are of prime importance in reactor 
design. They are interrelated and depend 
on the physical properties of the coolant. 
Although the primary reference in this 
paper is to reactor design, exactly the 
same considerations and conclusions will 
apply to steam boilers or heat exchangers 
where coolants go through large tempera- 
ture changes, or when a coolant has 
sharply temperature-dependent physical 
properties even though the temperature 
range may be small. 

In a high-performance reactor for gen- 
eration of useful power the rate of energy 
generation within a realistic size as well 
as the temperature level at which the 
energy is made available are both limited 
by permissible temperatures for the 
materials of construction. On the other 
hand, the economics of investment and 
of operation (thermodynamics) requires 
higher and higher temperatures. If 
problems of flow sensitivity lead to 
nonuniformity of performance among the 
flow channels, then only some portion of 
the channels can be operating at maxi- 
mum wall temperatures. This could be a 
serious deterrent to successful operation. 
Flow sensitivity magnifies any other 


_ S.C. Hyman is also Associate Professor of Chem- 
ical Engineering at the City College of New York. 
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nonuniformities, such as heat flux pattern, 
that may be inherent in the design. 

The problem of designing a nuclear 
power reactor so that the coolant flow 
pattern matches the heat generation 
pattern, with the coolant outlet tempera- 
ture (Or maximum tube-wall temperature) 
the same for all tubes, is made extremely 
difficult by the fact that most means of 
reactor control (to compensate for 
burnout of the fuel) tend to change the 
heat generation pattern. When employing 
expansible fluids as reactor coolants, the 
designer must be prepared either to (a) 
sacrifice potentially achievable coolant 
outlet temperatures by allowing for sub- 
stantial differences between the maxi- 
mum (design) and the average coolant 
outlet temperatures, or (b) incorporate 
such devices as orifices to counteract poor 
flow distribution and thus increase the 
average coolant outlet temperature at the 
expense of increased coolant pressure drop. 

The increased sensitivity of flow rate to 
coolant-passage dimensions _ intensifies 
normal problems of fuel-element-manu- 
facturing tolerances, warping and distor- 
tion of fuel elements during operation, 
and fouling of heat transfer surfaces. 

Some typical cases in which flow sen- 
sitivity problems become important are 
gas-cooled reactors with large coolant- 
temperature rise, as studied by Addoms 
(1); reactors cooled by liquids with the 
coolant exit temperatures just below the 
boiling point, in which case a slight 
change in circumstances can bring about 
boiling in the downstream portion of the 
cooling tube; and reactors cooled by 
liquids at pressures above the critical, 
with the coolant bridging the critical tem- 
perature. In all these cases, the coolant 
flow rates and temperatures in various 
cooling tubes will depend sensitively on 
nonuniformities (most importantly, on 
nonuniformities in heat input) from tube 
to tube. 


THEORETICAL DEVELOPMENT 


In a nuclear reactor the heat-flux dis- 
tribution along a coolant passage length 
may follow a symmetrical sine curve as 
shown in Figure 1. Specifying the value 
of the ratio of maximum local heat flux 
to average heat flux over the whole tube 
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would then define the heat-flux pattern. 
The enthalpy rise of the fluid as it moves 
along a differential distance in the heated 
passage is 


dh = (1) 


Integration results in an expression for 
the bulk fluid enthalpy at any point along 
the heated passage. 


9 _N 


( ) 

cos cos + 20 
(2) 
For the case of water at supercritical 
pressures with very large temperature 
differences between wall and bulk it was 
considered unwise to rely on the usual 
heat transfer film-coefficient correlations. 
A set of calculations was made based on 
a theoretical development by Goldmann 
(2). The results of the calculation showed 
the heat transfer to depend in a compli- 
cated fashion on the fluid properties. It 
was found convenient to correlate the 
calculated results by plotting the param- 
eter (qD°?/G-8) vs. the temperature of 
the fluid at the wall and in the bulk. It 

can be shown that 


L 


and so the required quantities are ob- 
tained to enable one to find the wall 
temperature. 

It is interesting to note that the tem- 
perature profile in the fluid and at the 
wall at any point along the passage is 
determined by the parameters 


2 


yO.2 


Q maz ‘ 


Q L 


The calculations by Goldmann (2) also 
resulted in values of the parameter 
(r,p D°-3/G-7) plotted against bulk and 
wall temperatures. Since 


421) 
( L D'*p (4) 


the pressure drop due to flow frictional 
losses can be obtained by integration 
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along the heated passage. To this are 
added the pressure drops due to accelera- 


tion, entrance, and exit effects. After 
integration 
Ap; 1 
G = I 


is obtained. 

The entrance, exit, and acceleration 
losses for any particular shape of passage 
are of the form 


ADa,e.e 


=F i(h;, ho) (6) 


Therefore it is possible to plot (Ap; + 
Apa,e.c)/G? vs. the four parameters listed 
above. This plot does not include the 
effect of variations in the factor 
(Go-1 1), 

At this stage design charts could be 
prepared to enable determination of 
pressure drops for coolant flow at any 
heat flux, temperature level, passage 
shape, or length. 

If values of passage length and shape 
are fixed and if the shape of the heat flux 
pattern is fixed by fixing (Gmaz/Q), then 
one can plot the total pressure drop against 
the value of the average heat flux (cor- 
responding then to a particular outlet 
temperature) at fixed values of (@°:? D!.2/L) 
and inlet temperature. This enables one 
to obtain calculated values of the flow 
derivatives 


(248/20) (242/40) (7) 
0Q/Q 0G/G 
It could be shown that these flow deriva- 
tives are functions of the same four 
parameters listed previously. 

From the properties of partial deriva- 
tives one obtains 


0Q/Q/ 
0G/G 


This factor is called flow sensitivity. 

For the flow of a fluid of constant 
properties following standard friction 
factor correlations 


_ 0: (232: 
0G/G 


0Q/Q/ ap 
A fluid having a flow-sensitivity factor 
of 1.0 would maintain a fixed mixed 
outlet enthalpy even under conditions of 
varying heat input to flow passages. Such 
a fluid would be ideally self-regulating. 
In some particular cases for real fluids, 
e.g., where the major effect of heat 
addition is a decrease in viscosity or 
where kinetic losses predominate, the 


= 1.8; 
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Fig. 1. Variation of heat flux along tube. 


flow-sensitivity factor may be slightly 
positive. Usually this factor will be nega- 
tive and thus will intensify the effect of 
variable heat flux on outlet enthalpy. 


Variation of Wall Temperature with Heat Flux 


The heated-passage-wall temperature 
at any point is a function of the average 
heat flux, mass velocity, and bulk fluid 
temperature at this point. This assumes 
a prior knowledge of the form of heat 
flux distribution along the passage. 


In the form of a differential equation 


= 


+ (G78), 
aT, 20/8) 
Define 
_ Oh/h 
aT /T (11) 
and combine with forms of Equation (1) 
to get 
) (hy — 
0Q/Q/ exh, 


ar, 
(12) 


It can be ‘shown that, if the heat 
transfer coefficient correlates with the 
mass velocity raised to the exponent n, 


oc, 00/Q/ 6.7, 
Substituting Equations (11), (12), and 


(13) into (10) with n at its usual value 
of 0.8 gives 


(iia) 


A.1.Ch.E. Journal 


[02 +0. 7 


sare) 
OT ey 

Equation (14) can be evaluated by use 
of the flow-sensitivity factor at constant 
pressure drop across the heated passage 
to give the effect of changing heat flux 
on one or some of the passages in a group 
operating between common headers. If 
the bulk values of the necessary quantities 
are chosen at that location in the fluid 
associated with the maximum wall 
temperature, then the calculation gives 
the change in the maximum temperature. 

Another facet would be: to inquire 
what the flow-sensitivity factor would 
have to be to maintain a constant wall 
temperature. This can be determined by 
setting Equation (14) equal to zero. The 
result will usually be 


(26/6) & 1.25 


which could be achieved at a cost in 
pressure drop of 


= 


9 


and a change in outlet enthalpy, 


ail (3/8) | 


Effect of Variation of Hydraulic Diameter 


The case in which (Qmoz/Q), hi, and L 
are fixed and the ho is a function of To 
will be considered. 

(G°.2 D12/L) is defined so that 
one may write (Ap,/G?) = f(J, To) and 
by differentiation 


To 
ar 
+\-or 


For the case of constant pressure drop 
across the heated passage (d(Ap,) = 0), 
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(26/6) _ \ aT, 
Ap,Q 


aD/D Ap 
Ap 28) 
of + oJ 


from Equation (1) can be obtained the relation 


(17) 


dG/G_ ) Coho ( 
Ap.@ T Ah Ap.@ (18) 
and the simultaneous solution of Equations (17) and (18) results in 
aG, 
(2) 
OD/D/ 


/J Oly Gala 


J /J 


(20) 


dT, 


To complete the picture one should discover the variation of wall temperature with 
hydraulic diameter. 

For a case of constant heat input, there can be obtained from Equations (9) and 
(12) the following: 


(2. - aT (204 (264 iG (hy — 
dD/D Q,Ap 0G/G D Q,Ap oT, G,Q Q,Ap 


(21) 


ideal Gases in Laminar Flow 
By methods similar to the method of Addoms (1) for laminar flow of ideal gases, 
with kinetic effects neglected, where 


al” (22) 


the flow sensitivity is 
n+2 n+1 
(n+ (22) —(n+ ) +1 


For air n = 0.65 and the flow shows sensitivity for all values of the temperature 
ratio from 1.0 to 3.7. At a temperature ratio of 3.7 the flow is unstable in the sense 
that any increase in heat input stops the flow. 

The flow sensitivity for the kinetic losses only is 


/ 
dQ/Q Ap (7°) Po 4 1 
Di 


(23) 


(24) 


As this latter quantity is always positive, there will be some degree of heating for 
which the flow is moderately self-regulating. 


Ideal Gases in Turbulent Flow 


The flow sensitivity is 


(26/8) = —(0.2n + + (0.2n + 2 _ 
0 / T 0.2n+2 


(25) 


Vol. 2, No. 2 A.1.Ch.E. Journal 


Although there is never flow instability, 
there is always flow sensitivity unless 
counterbalanced by kinetic effects. 


CONTROL OF FLOW SENSITIVITY BY 
VALVES AND ORIFICES 


Control of Flow Sensitivity 


The previous section of this paper gave 
the quantitative expressions for variation 
in outlet fluid temperatures and in wall 
temperatures resulting from nonuniform- 
ity of heat flux or net hydraulic diameter 
among the members of a group of flow 
passages. The greatest effectiveness in 
heat transfer to the coolant would be 
obtained in a design in which flow rates 
are so controlled as to operate each heated 
flow passage at its maximum safe wall 
temperature. It would be more practical 
to attempt to control flows to obtain 
uniform outlet fluid temperatures from 
the heated passages. 

A flow-controlling valve sensitive to 
temperature at the outlet of each passage 
will be considered. If the outlet tempera- 
ture increases, then the outlet valve is 
to open to permit increased flow. The 
sum of the pressure drops in the valve 
and in the heated passage must always 
equal the constant pressure drop avail- 
able between the inlet and outlet fluid 
headers. Under these conditions how will 
the outlet temperature change when the 
heat flux changes with any specified 
sensitivity of outlet-flow-valve area to 
outlet temperature? 

The pressure drop may be written as 


G2A2 


(27) 


Ap, = Mv,G,’? = Mv (26) 


are defined and for the differential change 
in pressure drop of the heated passage 
one writes 


dAp. _ , 92, 9G 


From Equation (1) at fixed D, L, h; one 
gets 


(28) 


= 9 
@ (29) 
_ dv/v_ 
(30) 


is defined and Equations (11), (27), (29), 
and (30) are substituted into Equation 
(28) to get 


ae 
Ap, = ae Ap +2 
2ehy OT 9 9 1, 

T Ah Ap, Ap, (81) 
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A similar derivation can be made for 
the case of a variable-area control valve 


TUBE BUNDLE 


INLET OUTLET 


eaten Which is placed at the inlet of the heated 
_ passage but which responds to variations 
in outlet temperature. This gives 
Fig. 2. Sketch of cooling tubes. ( o/s) 
00/Q (36) 
(QR + b+ 0c) 
0A/A eho 
2RT = —- (2R + c) 
Q Q Comparison of Equations (31) and (32) 
ceho OT shows that the temperature response 
— a Ap, (82) required is less for a valve at the inlet 
0 


than for one at the outlet. However, the 
need to transmit information from the 
outlet location to the inlet could well be 
a very difficult design problem. 


For constant total pressure drop, 


dAp, + dAp, = 0 (33) It follows from Equation (36) that for 
a fixed-area valve (orifice) at the inlet 
acl we (34) the relationship is 
De _QR+b+0 (37) 
is defined, and by summing Equations 8Q/Q / a> Coltg QR +0) 
(31) and (32) and setting equal to zero Ah 
one obtains 
(2k + b+ 0) (35) 
8Q/Q/ar (2424) eho 
2RT, aT, Ja, Ah (2R +c) — aeR 


This equation gives the variation in 
outlet temperature obtained with an 
outlet valve of given sensitivity, certain 
values of the flow derivatives, and the 
ratio of pressure drops across the control 
valve and in the heated passage. 


As the value of R defined in Equation 
(34) is increased, the outlet temperature 
sensitivity decreases. This is to be 
expected when the flow through the valve 


rather than through the heated passage 
provides the controlling pressure drop. 
It may be of interest to compare the case 
of a fixed outlet valve to a fixed inlet 
valve by using Equation (35) for an 
orifice of (@A/A/0T.),, = 0 and Equa- 
tion (37). One obtains 


R. 2b — a (b+ 
Ah (38) 
2b + 2a 7, 
0 


As this indicates a ratio of less than 
one, it appears that an inlet orifice will 
always be less expensive in pressure drop 
than an outlet orifice of equal effective- 
ness. In fact it could be shown that an 
outlet orifice of very large pressure drop 
is only moderately better than no orifice 
at all. 


Control at Less than Full Load 


The value of fixed orifice control at less 
than design load for the reactor will be 
considered. With operation presumed at 
the same inlet and outlet temperatures 
at all loads, G must vary in proportion 
to Q (the reactor heat load). The pressure 
drop through the orifice will vary with 
G? while pressure drop through the heated 
passage will vary with G!:8 approximately. 
At less than design load, then, the ratio 
R will be somewhat less than its design 
value. This change is predictable, small, 
and easily allowed for in the design. 
However, it means that the orifice must 
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Temperature °F 
Fig. 3. Density of water at 5,000 Ib./sq. in. 
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Fig. 4. Specific heat of water at 5,000 Ib./sq. in. 
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Fig. 5. Thermal conductivity of water at 5,000 Ib./sq.in. 


be made to dissipate a slightly larger 
pressure drop at design loads in order 
to retain control action at reduced loads. 


Manufacturing Tolerances for Orifices 


If Equation (37) for a variable-area 
inlet valve is rewritten for the case of 
fixed heat input (@Q = 0), under the 
condition that all area variations are 
due to manufacturing tolerances, one 
gets for an outlet temperature sensitivity 
in this case 


( _-__2RT Ah 
eho(2R +0) 


(39) 


For a sharp-edged orifice one can write 


G7A.” Ap.R 
2k’gp A, 2k’gp r 


Ap, = (40) 


For an orifice plate with N equal-size 
holes the area of the orifice is 


A, = = D,2N (41) 


4 


which combines with Equations (39) and 
(40) to give for the tolerance on orifice 
diameter 


aD, eho(2R + C) 


= T 2 
D, ,RAh (42) 
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where the value of the diameter is ob- 
tained from 


r 
0.910( a) Ga 


The tolerance given by Equation (42) 
assumes that all hole diameters in a 
multiple-hole orifice plate deviate in the 
same direction. 


CALCULATIONS FOR A SUPERCRITICAL 
WATER BOILER 


The material presented in the previous 
sections of this paper will be used for the 
discussion of a particular case. This case 
is typical of the results obtained in a 
series of calculations on water at super- 
critical pressures, heated in parallel tubes 
of normally identical heat input, with the 
tubes between common headers. It 
might be noted that the temperatures and 
pressures of the example are similar to 
those of a large central-station super- 
critical-pressure boiler now being built 
for a utility company (3). This boiler has 
one-pass flow instead of recirculation as 
in most large boilers and would be subject 
to problems of flow sensitivity. Dimen- 
sions, flow rates, and heat flux are 
assumed arbitrarily at reasonable values 
and do not reflect the values for any 
industrial power plant or any nuclear re- 
actor. 
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Fig. 6. Viscosity of water at 5,000 Ib./sq. in. 


The Typical Case 


A parallel set of cooling tubes, as 
sketched in Figure 2, with all the tubes 
nominally having identical heat input 
and flow conditions as given in Table 1 
will be considered. The physical arrange- 
ment is pictured as several tubes clustered 
in a bundle with bundles arranged be- 
tween large headers. The headers are 
assumed to be so large as to allow caleu- 
lations on the basis of loss of one half a 
velocity head at tube entrance and one 
velocity head at tube outlet. 


TABLE 1 
5,000 Ib./sq. in. 
T; 515 
To 1,150 
Q 3X10 B.t.u./(hr.)(sq. ft.) 


G 1.8 X lb./(hr.)(sq. ft.) 
D 0.0416 ft. 
L 62 ft. 


It is assumed that the pressure drop 
between the headers is very small com- 
pared to 5,000 lb./sq. in. The relevant 
properties of water at 5,000 lb./sq. in. 
are shown in Figures 3 to 6. The density 
(Figure 3) and specific heat (Figure 4) 
are from Keenan and Keyes (4); the 
viscosity and thermal conductivity are 
extrapolated from the sparse data at 
lower pressures. It should be noted that 
the water undergoes eightfold expansion 
from 515° to 1,150°F. 
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For the example of Table 1, it is found 
that the maximum temperature of the 
tube heating surface is 1,370°F. and the 
pressure drop is 44.9 lb./sq. in. Heat 
transfer coefficients and friction factors 
were evaluated according to calculations 
of Goldmann (2). For present purposes, 
the Goldmann predictions give results 
substantially the same as if the method of 
Deissler (5) were used or if the usual iso- 
thermal turbulent flow formulas were 
used with properties based on mean film 
temperatures. 


Flow-sensitivity Derivatives 


The calculations for the example of 
Table 1 gave numerical values for the 
quantities of Equations (7) and (8) as 
follows: 


= i 0: 

(eae 0.40; 


This latter quantity is the flow sensi- 
tivity. 

From this flow sensitivity and Equation 
(1) can be calculated for this case. 


4.75: 
0Q/Q Ap 


= 6,700°F. 


If one of the group of tubes between 
the common headers should receive 1% 
more heat input than its neighbors, then 
the fluid outlet of that tube would run 
67°F. hotter than the others. It is of 
greater importance to evaluate the 
probable effect on wall temperature. In 
some designs for maximum performance 
any appreciable increase in wall tempera- 
ture could seriously limit the life of the 
machine. Numerical evaluation of Equa- 
tion (14) gives 


ar. ) 
= 8,000°F. 


This tube of 1% higher heat input is also 
running at 80°F. increased wall tempera- 


ture and 3.75% reduced flow. These 
figures are impressive when one considers 
that many significant heat transfer as 
well as nuclear variables cannot be pre- 
dicted or even measured to better than 
several per cent accuracy. 

The designer will also be interested in 
the effect of nonuniformities in tube 
diameters. The flow sensitivities in this 
regard are indicated by the calculated 
values of the derivatives of Equations 
(19), (20), and (21): 


OD/D/ 
aG/G 
i 
dD/D 
One can calculate the sensitivity deriva- 


tives reflecting the influence of header 
pressures on fluid and wall temperatures. 


( aT ) 
dAp/Ap/ 


dAp/Ap/ 


Reduction of Flow Sensitivity 


—10,300°F; 


~11,500°F. 


—3,400°F. ; 


—3,850°F. 


The flow and temperature changes cited 
above for small changes in heat input, 
tube diameter, and pressure drop can be 
reduced appreciably by modifying the 
design to incorporate orifices at the tube 
inlets. 

Probably the best combination of effec- 
tiveness and practicality is to build in a 
fixed-area orifice at the inlet of each tube. 
Comparison with variable valves and 
orifices at the tube outlet were made 
earlier in this paper. It does not require 
very large pressure expenditure across the 
orifice to bring about marked reduction 
in sensitivity. Table 2 shows how the 
sensitivity to nonuniformity in heat input 
can be reduced by orifices. 

It is seen that even the case of orifice 
pressure drop just equal to tube pressure 
drop makes the flow in the tube nearly 
independent of the power variation. The 
infinite orificing would make the flow 
constant, regardless of power, as for a 
constant-property fluid. 


TABLE 2 
sigh Increase in water outlet Increase in maximum heating-surface 
Orifice pressure drop temperature (°F.) for temperature (°F.) for tube with 1% 
tube pressure drop tube with 1% excess power excess power 
R [Equation (37)] [Equations (37) and (14)] 
0* 67 80 
0.5 29 35 
23 28 
2 19 23 
10 15 18 
14 16 
*No orifice. 
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From Equation (42) one can calculate 
that a tolerance of 1% on the diameter of 
the controlling orifice will give a variation 
of 20°F. in the outlet fluid and the wall 
temperatures. It would be practical to 
hold tolerances to much smaller limits. 

The sensitivity of the flow to variations 
in hydraulic diameter among the heated 
passages is also greatly reduced by the 
use of an inlet orifice. 


Other Design Methods 


Another possibility for decreasing flow 
sensitivity is to divide the tubes into 
several shorter lengths, with  inter- 
mediate flow-mixing headers to permit 
equalization of temperatures and pres- 
sures across the tube bank. This would 
prevent the accumulation of effects along 
the entire length of an excess-powered 
tube. The major difficulty in actual 
practice is achieving good lateral tem- 
perature equalization in small headers. 
However, pressure equalization in inter- 
mediate headers even without appreciable 
mixing will substantially reduce sensi- 
tivity. 

When heat-generation patterns as well 
as flow sensitivities are known, it is 
possible to calculate net mixed tempera- 
tures as well as the effects of change in 
operating levels of power or temperature. 
Both of the procedures have been in- 
vestigated in studies subsequent to those 
reported herein. 


CONCLUSION 


The usual degree of sensitivity demon- 
strated in this example is primarily 
inherent in the nature of the fluid. How- 
ever, engineering design can counteract 
most of the bad effects if the system is 
carefully studied. Accurate fluid friction 
and heat transfer data are prerequisites 
to successful design of power plants using 
sensitive fluids. 
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NOTATION 

A = area, sq. ft. 

a = symbol for derivative as defined 
in the text 

b = symbol for derivative as defined 
in the text 

c = symbol for derivative as defined 
in the text 

D = equivalent diameter of heated 
passage or tube 

e = symbol for derivative as defined 
in the text 

G = mass velocity, lb. mass/(hr.)(sq. 
ft.) 
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g = conversion factor, 32.2 lb. mass- 
ft./lb. force-sec.? 


h = enthalpy, B.t.u./lb. mass 

Ah = difference in enthalpy between 
two locations, B.t.u./lb. mass 

J = symbol for parameter as defined 
in the text 

k = orifice coefficient 

L = length of heated passage, ft. 

M = constant of proportionality 

N = number of equal-size holes in each 
orifice plate 

nm = exponent on mass velocity term 
or on temperature 

p = pressure, lb. force/sq. ft. 

Ap = difference in pressure between two 
locations, lb. force/sq. ft. 

Q = average heat flux along heated 


passage, B.t.u./(hr.)(sq. ft.) 


q = local heat flux, B.t.u./(hr.) (sq. ft.) 


R = ratio of control valve pressure 
drop to fluid passage pressure drop 
r = fractional permanent pressure loss 


across an orifice 
= temperature, °F. 
= specific volume, cu. ft./lb. mass 
= distance from passage inlet, ft. 
coefficient in Equation (22) 
= density, lb. mass/cu. ft. 
= shear stress, lb. force/sq. ft. 
= fraction of cut-off in sine distri- 
bution 
=_ viscosity, lb. mass/(ft.) (hr.) 


Subscripts 


= acceleration 

= bulk 

= heated passage 
entrance, exit 
friction 

= inlet 


ll 


max = maximum 


0 = outlet 

t = total 

v = valve or orifice 
w = wall 
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Light Transmittance as a Measure of 
Interfacial Area in Liquid-liquid Dispersions 


VIRGIL G. TRICE, JR., and WALTON A. RODGER 


Interfacial area in liquid-liquid systems has been measured photographically. Precision 
and accuracy of the method have been shown to be better than 10%. To avoid tedium of 
counting drops, a simple light probe of easily reproducible design has been developed to 
measure the light transmission through the dispersions formed. A correlation of light 
transmittance with interfacial area is presented and its usefulness and limitations are 


discussed. 


Frequently workers concerned with 
dispersions’ of immiscible liquids desire 
knowledge of the interfacial area of these 
systems. Unfortunately it is generally 
difficult or impossible to determine the 
interfacial area of liquid-liquid disper- 
sions. In the few cases where interfacial 
areas have been determined, most in- 
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vestigators have relied on photographic 
techniques. 

In recent years the phenomenon of 
light scattering by small particles has 
been the subject of a number of investi- 
gations (14); however, very little work 
has been reported in the literature con- 
cerning light scattering as a measure of 


A.1.Ch.E. Journal 


Argonne National Laboratory, Lemont, Illinois 


particle size in liquid-liquid dispersions. 
Undoubtedly a major deterrent to such 
investigations has been the problem of 
measuring the interfacial area of rapidly 
coalescing disperse systems by other than 
photographic methods. 

In this paper a photographic technique 
for measuring interfacial area is described. 
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Also, an empirical correlation based on 
theoretical considerations is presented 
which gives the light transmittance of 
liquid-liquid dispersions as a function of 
the interfacial area. Experimental data are 
presented for several nonabsorbing (water- 
white) liquid pairs of differing relative 
refractive indexes. 


PREVIOUS WORK 


Most of the interest in light scattering 
has been restricted to very dilute mono- 
disperse* systems of small particles gen- 
erally less than 1 u in diameter. Mathe- 
matical treatments of concentrated poly- 
disperset systems are not available. In 
addition, there are few quantitative data 
available relative to liquid-liquid or gas- 
liquid dispersions. 

It is interesting to note that in 1925 
Stamm and Svedberg (19) were interested 
in the relationship between the right- 
angle scattering of light and the size 
distribution of soap-stabilized benzene- 
water emulsions. They suggested a linear 
relationship between light transmittance 
and concentration for a given particle 
size. Clark and Blackman (3) investi- 
gated light transmittance as a measure 
of the interfacial area of foams. On the 
basis of admittedly qualitative data, a 
linear relationship between light trans- 
mittance and volumetric area was sug- 
gested. 

Recently Langlois and coworkers (11, 


12) published a correlation of light 
transmission with interfacial area for 


liquid-liquid systems. Their results were 
correlated empirically by a linear equa- 
tion in the following form: 


(1) 


where 


I,/I = the ratio of incident to emergent 
light intensity 


A = interfacial area per unit volume of 
total mixed phases (volumetric 
area) 

8 =a constant characterizing a spe- 


cifie liquid pair 


This relationship was considered to be 
independent of the volume-fraction dis- 
persed phase. The constant 8 was given 
as a function of the relative refractive 
index of the dispersed phase. 

The papers by Langlois are of particular 
interest because they represent the first 
successful attempt to establish a quanti- 
tative relationship between light trans- 
mission and volumetric area. However, 
no provisions were made for variation of 
the optical path length, and each light 
probe required individual calibration be- 
cause the reproducibility of results with 


*Monodisperse in the sense that all particles in the 
dispersion are the same size. 

{Polydisperse in the sense that a distribution of 
particle size is present. 
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different probes of the same design was 
poor (10, 15). Duplication of this work 
would be difficult. 

It is apparent from the literature that 
the theoretical equations relating particle 
size and concentration to light trans- 
mittance are limited and cannot be 
applied to concentrated polydisperse 
systems of large spherical particles. The 
available empirical relationships for poly- 
disperse systems do not demonstrate 
satisfactory accuracy and precision. In 
addition, it is difficult to reproduce the 
equipment design, and each light-detector 
unit requires individual calibration. 


Housing for 
Photocell 


Light Probe 


Turbine 


Fig. 1. Mixing vessel. 


THEORY 
Basic Theory 


The light transmitted through a poly- 
disperse system of transparent isotropic 
spherical particles provides a measure of 
the interfacial area if it can be demon- 
strated that light transmission is a func- 
tion of the total projected area. This 
means that it must be shown that the 
light transmission is a function of the 
mean surface volume or sauter diameter 
d,,. Conversely a correlation is not pos- 
sible if the scattered light energy is 
sensitive to the particle-size distribution. 
For a polydisperse system consisting of 
N; particles of diameter d; in a given 
size interval 


_ Nid; (2) 


For a volume fraction of dispersed phase 


of @ the volumetric area is defined as 
follows: 


A=>-¢ (3) 
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The factors which control light trans- 
mittance are embodied in the familiar 
extinction or Beer-Lambert relationship: 


Sn db = (4) 


The scattering cross section S is the ratio 
of the light energy lost by scattering to 
the incident light energy per unit area 
and n is the number of particles per unit 
volume. Integrating over the distance 
between light source and detector L, as 
the incident light diminishes from J) to J, 
yields the conventional extinction equa- 
tion 


dx 

= = K, nL (5) 
where 

K, (6) 


d = particle diameter 


Experimental data and calculations by 
several investigators (2, 5 to 9, 18) based 
on theory developed by Mie (13) show 
that the scattering area coefficient K, is 
extremely sensitive to particle sizes near 
the wave length of the incident light. 
The effect of particle diameter, however, 
decreases with increasing particle size. 
Calculations by Boll and coworkers (2) 
show that for the limiting conditions of 
this investigation K, is essentially con- 
stant for particles larger than 50 wu. 

In this investigation the observed 
particle-size distribution has generally 
been between 50 and 2,000 uw and the 
scattering area coefficient may be con- 
sidered as a constant with respect to 
particle diameter. Therefore, the drop 
diameter d may be defined in terms of 
the sauter diameter d,,, and Equation (5) 
may be written in terms of the interfacial 
area per unit volume of total mixed 
phases A and a scattering factor a. 


I, _K, 
In TnL 
wd L=aAL (7) 


For a given incident-light wave length 
the scattering factor a should be a unique 
function of the relative refractive index 
of the liquid pair. 


Applied Theory 


In the basic relationship, Equation (4), 
it is assumed that light once scattered 
from the path of the primary beam is lost. 
This is true only for very dilute disper- 
sions. For the systems studied, however, 
light scattered from the primary beam 
may be returned to the original path by 
secondary scattering. Hence multiple 
scattering is an important factor which 
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must be considered. The effect of multiple 
scattering is a function of both the relative 
refractive index and the incident-light- 
beam diameter. 

Other factors which may be considered 
to have a significant effect on the trans- 
mittance relationship are functions of the 
light source and detector geometry. As 
an example the problem of measuring the 
emergent light intensity J may be con- 
sidered. The incident light Io is a colli- 
mated beam. The emergent light J is 
defined as that portion of I) which passes 
unimpaired through Z em. of dispersion. 
This means that the emergent light is 
that portion of the incident light scattered 
in the forward direction parallel to the 
path of the primary beam. Gumprecht 
and Sliepeevich (4) point out that it is 
technically impossible to obtain an exact 
measure of the emergent light. Any 
detector design will measure, in addition 
to light scattered in the forward direction, 
some of the light scattered at small angles 
from the path of the primary beam. 

The transmission relationship [Equa- 
tion (7)] may be modified to conform with 
these practical considerations: 


Equation (8) shows that an exponential 
relationship exists between light trans- 
mittance and some function of a, A, and 
L. The exact nature of the function must 
be determined experimentally. 


EXPERIMENTAL 


Experimental techniques and equipment 
were developed to measure the interfacial 
area per unit volume of total mixed phases 
(volumetric area) and the light transmit- 
tance of the dispersion at a specified optical 
path. The volumetric area was determined 
photographically, and the light transmit- 
tance by photoelectric measurements. 


Mixing Equipment 


Dispersions were created in 5 9/16-in.- 
diam. Pyrex mixing vessel shown in Figure 
1. The vessel was equipped with four baffles, 
each one tenth of the diameter of the mixing 
vessel in width, and a 3-in., six-blade flat- 
blade turbine. The baffles and agitator were 
constructed to conform with the design sug- 
gestions of Rushton et al. (17). All metallic 
components were of 304 stainless steel; 
gaskets were of Teflon. 


Light Source and Detector 


The photoelectric equipment required for 
light-transmittance measurements consisted 
of three major components: a light source to 
provide a uniform, collimated beam: a sensi- 
tive light-detector unit; and an electronic 
circuit to measure the amplified output of 
the detector tit. In the design of the equip- 
ment ruggedness and reproducibility were of 
prime importance. Of secondary concern 
was the desire to mount as much of the 
equipment as possible external to the mixing 
vessel to minimize contamination of the 
liquid and interference of the normal flow 
pattern. 
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Microscope Lamp 


( primary ) 
light source 
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= 


Collimating Lens —_—— 
Aperture, |8mm Diameter 
Filter (yellow Corning 3486) 


Fig. 2. Schematic diagram of light source. 


Both the light source and detector were 
externally located. The light source was 
located below and the detector above the 
mixing vessel. A light pipe or probe extended 
down from the detector into the dispersion. 
The distance from the bottom of the vessel 
to the end of the light pipe determined the 
optical path. 

The light source was a Universal Micro- 
scope Illuminator, No. 353, made by the 
American Optical Company and fitted with 
a 6-volt automobile bulb. Light from the 
microscope lamp converged at the focal point 
of a condensing lens. The collimated beam 
leaving the lens was restricted with an 18- 
mm. aperture and filtered with a Corning 
3486 yellow filter. The light source is shown 
schematically in Figure 2. 

The emergent light was transmitted to a 
photocell by a glass sensing probe extending 
into the dispersion. The probe was made 
adjustable to allow light paths of variable 
lengths through the dispersion. A 30-cm. 
3¢-in.-diam. Pyrex 7740 glass rod polished 
on both ends served as the probe. The de- 
tector unit is shown in Figure 3. 

It was found that more reproducible 
readings were obtained if the sides of the 
probe were protected from stray light by a 
platinum mirror finish. The mirror finish 
was obtained by painting the cleaned rod 
with a thin coat of Liquid Bright Platinum 
No. 05, Hanovia Chemical and Manufactur- 
ing Company, then heating to dull cherry 
red to produce the bright finish. The several 
probes made in this manner gave reproduc- 
ible results. Overheating resulted in a dull 
finish which gave inconsistent readings. 

Light was transmitted from the probe to 
the photocell through a seal of Dow Corning 
200 silicone oil, which also lubricated the 
joint and prevented chipping. Black 3<-in. 
rubber tubing covered the junction to pre- 
vent stray light from reaching the photocell. 

An end-type photoelectric cell, RCA 
1P42, was used to give a better optical seal 
than that obtainable from side-entry types. 
A vacuum tube was used in preference to a 
gas type, as the linearity of response was 
better. The tube was sensitive in the visible 
range, allowing liquids with interfering 
colors to be detected. The 1P42 tube, to- 
gether with the yellow filter, responded in 
the light band of 560 + 50 mu. 

The output of the photocell was amplified 
and measured by balancing against a con- 
stant voltage with a calibrated helipot 
resistance. As the photocell had a linear 
response, the resistance required was a 
measure of the light energy reaching the 
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photocell and ‘was used in calculations 
without conversion as ratios of light energy 
are involved. 


Volumetric Area 


The volumetric area which exists in a 
liquid-liquid system during agitation was 
determined from photographs of the disper- 
sion. Photographs were taken through the 
base of the mixing vessel with a 35-mm. 
Leica camera fitted with an Ektar 5-cm. 
lens, reflex prism, and close-range bellows 
using Kodak Plus-X film. Illumination was 
provided by a 0.0002-sec. Comet repeating 
flash lamp mounted beside the vessel. 
Light from the droplets reached the camera 
by reflection. Pictures with good drop reso- 
lution were obtained by overexposing the 
film by one stop and double-developing the 
negative. Resolution was improved by pho- 
tographing through a G filter. A typical 
photograph is shown in Figure 4. 

Preliminary runs were made to establish 
techniques for area measurements in a rec- 
tangular-cross-section mixing vessel spe- 
cially designed to facilitate photographic 
study. An assortment of glass beads dis- 
persed in a mixture of carbon tetrachloride 
and tetrabromoethane was photographed. 
These beads ranged in diameter from 210 to 
710 yw. Several observers working indepen- 
dently determined the interfacial area from 
photographs by tracing the droplets in the 
plane of focus and classifying the diameters. 

The results of this test are presented in 
Table 1. They show both the accuracy and 
precision of the photographic method, based 
on measurements by several independent 
observers, to be better than +5%. 


PROCEDURE 


The following procedure was used to ob- 
tain experimental data. Equal-volume por- 
tions of each phase were placed in the mixing 
vessel and equilibrated for from 2 to 4 hr. to 
saturate the liquid pair mutually. Organic 
liquids were pretreated by distillation. The 
aqueous phase was distilled-water or gly- 
cerin-water mixtures. Data were obtained 
at 25°C. Refractive indexes were measured 
at the sodium D line. 

For each system at selected impeller 
speeds transmittance measurements were 
obtained at optical path lengths of 1, 1.5, 
and 2.0 em. Photographs were taken to 
provide a measure of the volumetric area at 
the selected impeller speeds. The range of 
impeller speeds that could be employed was 
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Fig. 3. Light-detector unit. 


limited by the physical properties of the 
liquid pair. It was necessary to maintain 
sufficient agitation to ensure complete emul- 
sification but not enough to beat air into the 
system thereby changing the optical proper- 
ties. The volumetric area under a given set 
of conditions was found to be a reproducible 
function of agitator speed if surface-active 
contamination were absent. The presence of 
surface-active contamination was qualita- 
tively indicated by the presence of surface 
films and by a marked change in the disper- 
sion settling time. To minimize contamina- 
tion, the equipment was thoroughly cleaned 
before each run. 

The incident light Jo was defined as the 
light energy per unit area measured through 
the clear-field phase before emulsification, 
and the emergent light J was defined as that 
portion of the incident light which reached 
the detector probe after emulsification. 

The reading of the incident light was 
arbitrarily controlled by the voltage applied 
to the light source. Agitation was begun and 
emergent light readings were taken when 
steady state conditions were reached (from 
2 to 45 min.), as indicated by a constant 
transmittance reading. Immediately after 
each emergent-light reading a measurement 
was taken to establish the reading for zero 
transmittance, as small changes in this 
quantity had considerable effect on the 
value obtained for the emergent light. 


CORRELATION OF TRANSMITTANCE DATA 


The experimental data were correlated 
empirically by means of a theoretically 
based exponential relationship: 


The experimental data for several liquid 
pairs are presented in Table 2. 
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System: Cyclohexane in Wate 
Agitator Speed: 3.9 RPS 
Turbine Diameter: 3 inches 


Fig. 4. Typical photograph of dispersion. 


The experimentally determined scatter- 
ing factor a is shown as a function of the 
relative specific refraction in Figure 5. 
The relative specific refraction M is 
defined by the following equation: 


m — 1 
m +2 
where 
m = refractive index of drop/refractive 
index of field phase 


The scattering factor a is the optical 
parameter. It is primarily a measure of 
the effect of multiple scattering on the 
light transmittance as measured with the 


TABLE 1. GLass-BEAD TEST FOR ACCURACY 

AND PRECISION OF PHOTOGRAPHIC METHOD 

FOR MEASURING INTERFACIAL AREA PER 
Unit oF DISPERSION 


Photographically determined interfacial 
area 


Observer Sq. cm./ce. 
A 123 
B 121 
Cc 125 
D 122 
E 122 


Interfacial area determined by classification 
of glass beads 
Sq. em./ce. 


Maximum value 129 
Minimum value 107 
Arithmetic average value 117 
Average value determined 
photographically 123 


Size distribution of beads used in test 


Diameter, u Wt. % 
210-297 4.1 
420-500 35.1 
500-590 29.6 
590-710 31.2 
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equipment employed in this investigation. 
For the specified light source and detector 
geometry, the scattering factor was found 
to be a complex function of the relative 
refractive index. 

Bailey (1) and Rose and French (16), 
working with small solid particles less 
than 10 uw in diameter, obtained a satis- 
factory correlation by presenting their 
optical parameter as a function of the 
relative specific refraction or Lorenz- 
Lorentz coefficient M. In the present work 
the relative specific refraction proved to 
be a satisfactory correlating tool for 
polydisperse systems of large spherical 
particles ranging from 50 to 2,000 u, as 
evidenced by the correlation. 

Equally satisfactory correlations for 
the scattering factor may be obtained 
with the relative refractive index or the 
refractive-index difference. However, the 
Lorenz-Lorentz coefficient is preferable 
because a unique curve is obtained which 
should hold for values of the relative- 
refractive index less than 1. The relative- 
refractive index for water in oil disper- 
sions is less than unity. Transmittance 
data for 40, 20, and 10% dispersions 
which included some water-in-oil data 
were presented in a report by Rea and 
Vermeulen (15). For purposes of com- 
parison, these data for each volume frac- 
tion were replotted in terms of an expo- 
nential relationship. Not only were im- 
proved correlations obtained, but it was 
also found that the correlation of scatter- 
ing factor with relative specific refraction 
M held for values of the relative-refrac- 
tive index m both greater than and less 
than unity. 

Unfortunately, it was not possible in 
this investigation to obtain data for 
water-in-oil systems because they proved 
to be unstable. Photographs of 50% 
dispersions of water in oil showed that 
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they consisted of drops of water in a field 
of oil with small drops of oil in the larger 
water drops. 

The generalized correlation showing 
light transmittance as an exponential 
function of a scattering factor a, the 
volumetric area A, and the optical path 
L is presented in Figure 6. The average 
deviation in area based on transmittance 
is 4.7%. The optical path length Z, it will 
be noted, appears as a reduced power 
function. An exponent less than unity is 
required because the attenuation of the 
light beam in passing through the dis- 
persion was less than would be predicted 
from basic light-extinetion theory, which 
ignores the effect of multiple light scatter- 
ing. This correlation presents data for 
nine liquid pairs. The range of relative- 
refractive index was 1.004 to 1.168. The 
range in interfacial area was from 20 to 
90 sq. em./ee. 


DISCUSSION 
General Observations 


Perhaps the most surprising fact was 
the limited range of particle sizes present 
in any given dispersion. It was evident 
from the photographs that the particle 
size usually varied by not more than a 
factor of 5. In rare eases the particle size 
was found to vary by as much as a factor 
of 15. Usually the drops appeared to be 
perfect spheres except in cases where the 
drops were relatively large. It was inter- 
esting to note that systems characterized 
by large drops, about 1.5 mm., did not 
correlate quite so well as others, possibly 
because of deformation of the large drops. 

Investigators have occasionally re- 
ported difficulty in deciding which phase 
is dispersed and which is continuous. It 
should be borne in mind that a phase 
present in a volume fraction greater than 
0.50 may still be the dispersed phase. 
The dispersed phase may be detected by 
simply observing the settling pattern of 
the dispersion to determine the direction 
of travel of the droplets toward the 
interface. 

The continuous phase is usually that 
phase which best wets the mixing vessel. 
For that reason the dispersions studied 
in this work were oil in water with the 
exception of the methyl isobutyl ketone— 
glycerin-water system where methyl 
isobutyl ketone was the continuous phase. 


Reproducibility of Data 


Consecutive transmittance readings 
were reproducible to within 3% and in 
most cases 1%. In the case of duplicate 
runs, with the same supply of the liquid 
pair, the introduction of additional 
variables such as substitution of probes 
and readjustment of the optical path 
length caused some loss in reproducibility. 
However, transmittance measurements 
for these duplicate runs were usually 
Ww ithin 3% and rarely varied by as much 
as 5%. 
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REC MM NDED RDINAT 
M 

0.0025 
0.02 0.0073 
0.05 -0178 
0.10 0.035 
0.20 0.0675 
0.30 0.100 


NOTE: SEE TABLE 2 FOR 
SYMBOL CODE 


a 
2 

0.10-— 

me+2 
mz REFRACTIVE INDEX OF DROP PHASE 
REFRACTIVE INDEX OF FIELD PHASE 

0.01 
0.001 0.01 0.10 1.0 
M 


Fig. 5. Scattering factor a as a function of the relative specific refraction M for yellow-light 
spectrum. 


Both area and transmittance data used 
in the correlation were obtained from 
measurements at the bottom of the 
mixing vessel. For that reason, there can 
be little doubt that the photographically 
determined areas represented the area at 
the point where the transmittance meas- 


TABLE 2 


Refractive index* 


Drop 
System Symbol phase 
Bromobenzene in water > 1.5575 
Monochlorobenzene in water A 1.5221 
Benzene in water oO 1.4975 
Xylene in water » 1.4877 
Kerosene in water 1.4338 
Cyclohexane in water CJ 1.4181 
Methyl isobutyl ketone 
in water O 1.3942 
0% Glycerin water in 
methyl] isobutyl ketone 1.4118 
Cyclohexan in 60% 
glycerin water V 1.4182 


urements were obtained. However, even 
considering the extreme degree of tur- 
bulence in these agitated systems, there 
might be some question concerning the 
homogeneity of the bulk of the dispersion, 
particularly near the agitator. To resolve 
this question a simple test was devised 


. SUMMARY OF ExPERIMENTAL DaTa 


Volu- 
metric In I)/I at specified 
area, optical path length 
Field —sq.cm./ 
phase ce. 10cm. 1.5em. 2.0 cm. 
1.33385 33.2 4.17 5.02 
4.3330 22.5 3.28 3.95 
22.2 2.73 3.33 3.82 
1.3332 28.5 3.2 3.84 4.32 
35.6 3.56 4.20 4.65 
28.8 3.04 3.72 4.25 
1.3330 34.0 21 4.72 
40.2 3.98 4.59 5.19 
49.6 3.49 4.17 4.82 
1.3330 56.7 3.81 4.60 5.03 
71.5 4.33 5.01 5.62 
48.3 2:95 3.71 4.27 
52.6 3.28 3.93 4.53 
1.3331 64.0 3. 64 4.26 4.95 
73.3 3.88 4.52 5.35 
39.1 2.19 2.66 3.04 
1.3349 50.6 2.53 3.02 3.45 
62.1 2.87 3.40 3.83 
87.1 1.49 1.84 2.22 
1.3942 91.2 1.68 2.03 2.43 


1.4122 48.1 0.482 0.698 0.815 


Io/I = ratio of incident- to emergent-light intensities. 


Experimental data were obtained at 25 
*Refractive indexes of mutually patron th liquids me: 
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asured at sodium D line. 
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RECOMMENDED COORDINATES 

in NOTE: SEE TABLE 2 FOR 

0.00 0.00 SYMBOL CODE 
1.00 1.12 

2.00 2.90 

3.00 5.60 
4.00 9.70 

5.00 14.85 
5.50 17.80 

1 AVERAGE DEVIATION *4.7% IN AREA ° 2 o 
BASED ON TRANSMITTANCE 
o 
4.0-— 4 
o° To/I «RATIO OF INCIDENT TO EMERGENT LIGHT INTENSITIES 
A* INTERFACIAL AREA PER UNIT VOLUME TOTAL MIXED PHASES 
(VOLUMETRIC AREA), SQ CM/CU CM 
OPTICAL PATH, CM 
@ * SCATTERING FACTOR 
VOLUME FRACTION DISPERSED PHASE *0.50 


9.0 


10.90 =. 12.0 30 140 15.0 16.0 17.0 18.0 


Fig. 6. General correlation of light transmittance with volumetric area for yellow-light 
spectrum. 


which showed the dispersions to be 
essentially homogeneous. A portable one- 
piece detector-source unit consisting of 
phototube and flash-light bulb was placed 
in several different locations in the mixing 
vessel. Within the limits of experimental 
precision, no variation in light trans- 
mittance was observed, indicating essen- 
tially complete homogeneity of the 
dispersion. 


SUMMARY 


Satisfactory equipment and techniques 
were developed to measure the interfacial 
area and light transmittance of liquid- 
liquid dispersions. Both the accuracy and 
precision of the photographic technique 
for measuring interfacial area were shown 
to be better than 10%. A light detector 
and source were designed which featured 
readily available component parts and 
permitted variation of the optical path 
length. 

The over-all reproducibility of trans- 
mittance measurements, with substitution 
of components, readjustment of optical 
path length, and realignment of the light 
source and detector taken into account, 
was always within 5% and in most cases 
3%. 

The present work was designed to 
cover a useful range of relative-refractive 
index and to provide a sufficient quantity 
of experimental data to test adequately 
various methods of interpreting these 
data. The experimental data were cor- 
related by means of an exponential 
relationship based on a combination of 
theoretical and applied light-scattering 
considerations. Attempts to develop a 
linear correlation were not successful. 

The general correlation is valid only 
for the conditions of this investigation. 
The physical conditions are the specified 
light source, light detector, and incident- 
light spectrum. -Other conditions, as 
defined by the experimental data and the 
restrictions imposed by the underlying 
theoretical and practical considerations, 
are 
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1. Liquids which are transparent in the 
incident-light spectrum. 

2. Dispersions consisting of 50% by vol- 
ume dispersed phase. 

3. Systems where the relative specific 
refraction M is between 0.01 and 0.11. 

4. Dispersions in which the smallest par- 
ticle size present is greater than 50 u. 

5. Dispersions through which the per- 
centage of light transmittance (I/Iy X 100) 
is greater than 0.65% for optical path lengths 
from 1.0 to 2.0 em. 


The results of this investigation show 
the combined effects of multiple scatter- 
ing and equipment geometry on light 
transmittance. First considerably more 
light reached the detector than may be 
predicted from light-extinction equations, 
which do not take into account multiple 
scattering. Second, the attenuation of the 
incident light passing through these 
dispersions was less than may be pre- 
dicted, as evidenced by the fact that 
optical path length entered the correla- 
tion as a reduced power function. 

The correlation with an average devia- 
tion of less than 5% shows that the 
ability of nonabsorbing liquid-liquid dis- 
persions to transmit light is of value as a 
method of estimating the amount of 
interfacial area present. Additional work 
is necessary, however, before this tech- 
nique can be regarded as a standard 
service tool. Some criteria of absorbency, 
other than simply nonabsorbing liquids, 
must be established. Work in progress 
with 25 and 10% dispersions and with a 
light spectrum in the near infrared region 
indicates that similar correlations may 
be developed for these conditions. 
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NOTATION 


A = interfacial area per unit volume 
of total mixed phases (volumetric 
area), sq. em./cc. 

d = drop diameter, cm. 

d; = drop diameter in interval 7, em. 

d,, = mean surface-volume or sauter 
drop diameter, cm. 

I) = incident-light intensity 

I = emergent-light intensity 

K, = scattering-area coefficient 

L = optical path length, cm. 


M = relative specific refraction of drop 
(Lorenz-Lorentz coefficient) 

m = relative-refractive index of drop 

N; = number of drops in interval 7 

nm = number of drops per unit volume 
of total mixed phases, cc. 

S = scattering cross section, sq. em. 

a = scattering factor (optical param- 
eter) 

8 = optical parameter 

@ = volume fraction of dispersed phase 
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Effect of Gamma Radiation on 
Aqueous Ethylene-oxygen Solutions 


ERNEST J. HENLEY, WESLEY P. SCHIFFRIES, and NATHANIEL F. BARR 


Mixtures of ethylene and oxygen dissolved in water under pressures ranging from 
200 to 700 lb./sq. in. were irradiated with Co gamma rays at a dose rate of 180,000 r./hr. 
G values (molecules/100 ev.) for aldehyde production as high as 200 were observed. In- 
creasing total pressure and dose were found to decrease these G values. Alcohol, acids, 
hydrogen peroxide, and organic peroxide are also products of the reaction; however, the 


yields are much smaller. 


Large-scale industrial use of ionizing 
radiation will certainly be limited to 
exothermic reactions in which the radia- 
tion serves to initiate long reaction chains 
(1). Processes in which ionizing radiation 
does not give large product yields per unit 
energy input will be excluded by the high 
cost of energy in this form. The reaction 
of hydrocarbons with oxygen is an exo- 
thermic reaction which, if controlled, 
yields products of commercial importance. 

Recent studies with saturated hydro- 
carbons and oxygen (2) and with satu- 
rated hydrocarbon gases in aqueous 
solution (3) have clearly indicated that 
the oxidation initiated by gamma rays 
proceeds with a very poor yield of product 
per energy expenditure. In terms of 
molecules per 100 ev. (G units) yields of 
approximately unity have been observed 
for these oxidations. In the work reported 
here it has been found that when aqueous 
solutions of ethylene and oxygen under 
pressure are irradiated with gamma rays 
from cobalt-60, G values for the pro- 
duction of aldehyde as high as 200 are 
observed. 


Wesley P. Schiffries is at present with Foster 
Wheeler Corporation, New York, and Nathaniel F. 
Barr with Brookhaven National Laboratory, Upton, 
New York. 


The difference in yield values obtained 

from ethylene in contrast to saturated 
hydrocarbons would be due to the high 
heat content of the vinyl bond. This 
makes all reactions of ethylene which 
involve additions across the double 
bond ‘potential chain reactions. The best 
example of this, and the only one that 
has captured the attention of radiation 
chemists, is polymerization of ethylene 
to form polyethylene. Yale and Michigan 
groups (4, 5), among others, have recently 
studied this reaction. The polymerization 
is reported to proceed readily under 
gamma-ray catalysis, chain lengths over 
one thousand having been observed at 
higher pressures and slightly elevated 
temperatures. 
* Reported in this paper are results ob- 
tained under a variety of experimental 
conditions, and an attempt is made to 
correlate these with the presently ac- 
cepted picture of radiation chemical 
reactions in aqueous solutions. 


DESCRIPTION OF APPARATUS 


Figures 1 and 2 show the apparatus used. 
The reactor is a stainless steel cylinder of 
approximately 150-ml. capacity with gas 
entrance and exit lines extending through 


Note: All material stainless steel except plug 


BLOWOUT DISC 


LEAD 
Gas cylinder 
PLUG connection 
A‘ 

3 Liquid inlet and 

TUBIN G sampling yalve 

' 

GAS RATE 
i CONTROL 
| | 

REACTOR 

i 

HI 


Fig. 1. Diagram of apparatus. 
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the nut. The entrance line, reaching almost 
to the bottom of the reactor, is connected 
externally through the piping shown to the 
ethylene-oxygen feed mixture. The entrance 
tube extends back and is connected in series 
to a cross, a needle valve, and a tee. To the 
cross are attached a blow-out disk assembly 
and a needle valve for filling and sampling. 
The exit tube extends back to the tee into 
which the by-pass valve enters, the other 
connections being used for a needle valve to 
control gas flow rate. For sampling, the 
by-pass and sampling valves are open, the 
other two closed. A standard gas cylinder 
with a pressure regulator is attached to the 
other connection of the tee on the entrance 
line. 


IRRADIATION TECHNIQUE 


The irradiations are carried out by lower- 
ing the reactor into the source; a hollow 
cobalt-60 cylinder of the type described by 
Henley (6) was used for these runs. The dose 
rate was determined by means of a cello- 
phane dosimeter (7) and found to be 180,000 
r./hr. 

The high-pressure reactor is charged with 
150 ml. of distilled water by opening the exit 
line and adding water at the sampling valve. 


“ 
us 
weld 
gure 
17" 1" 
——1 
weld 
1650" 


Fig. 2. Detailed diagram of reactor and plug 
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PERCENT ALDEHYDEvsIRRADIATION 


TIME Aldehyde 


GAS COMPOSITION 
457 50 MOL% ETHYLENE-SOMOL% OXYGEN 


w 


100 PSI 


w 
T 


PERCENT ALDEHYDE | 


S500 PSI 


700 PSI 


«OST 


The sample is added to 25 ml. of approxi- 
mately 7 wt. % H.O, and after it stands for 
~ 10 min. 5.0 ml. of standard 0.05 N KOH is 
added. The presence of ethanol in the sam- 
ple does not interfere, as more stringent 
ul oxidizing conditions are required for alcohols 
to go to acids. The excess KOH is titrated 
with standard 0.05 N HCl to a pH of 6.7. 

A correction for the acid originally present 
(assumed to be acetic) must be applied to 
the percentage of aldehyde calculated from 
the titration. 


Alcohol 


To 5.0 ml. of standard 0.05 N K.Cr.0; and 
2 5 to 6 ml. of concentrated H.SO, in an 
iodine flask a 1- to 2-g. sample is added and 
the solution brought slowly to boiling. After 
cooling, a small piece of dry ice and approxi- 
mately 3 g. of potassium iodide (iodate free) 
are added and the solution is allowed to 
stand 10 min. The dry ice sublimes and the 
4 carbon dioxide displaces air from the flask 
to prevent air oxidation of potassium iodide. 
The excess of K,Cr.O; is found by titrating 
with standard 0.05 N Na.S,0; to a starch- 
iodide end point. A correction for the alde- 
hyde present must be applied to the per- 
centage of alcohol calculated from the 
titration. 


<— Fig. 3. Percentage of aldehyde vs. 
irradiation time. 


6 8 10 ‘2 14 16 16 20 22 2a 
IRRADIATION TIME (HOURS) 


The previously filled gas cylinder is attached 
through the pressure regulator to the en- 
trance line of the reactor and the pressure 
set at some predetermined value. In this 
case once the gas flow rate is set, by the exit 
valve, it will remain constant. The gas flow 
was adjusted to give a slow sparge. To take 
a sample it is necessary only to open the 
by-pass valve and close the valve in the 
entrance line. The sample is then collected 
at the sampling valve. The sampling opera- 
tion can be carried out in less than 10 sec. 
with no loss of pressure in the reactor. 


ANALYTICAL PROCEDURE 


The following methods of analysis have 
been employed for the quantitative de- 
termination of acid, aldehyde, alcohol, hy- 
drogen peroxide, and formaldehyde (8, 9, 10, 
11, 12). 


Acid 


The sample is a very dilute solution of a 
weak acid and direct titration cannot be 
used because the end point is obliterated by 
dissolved carbon dioxide. 

The weighed sample is added to 5 ml. of 
standard 0.05 N KOH and the excess KOH 
is titrated with standard 0.05 N HCl to a 
pH of 6.7. This value of the pH has been 
experimentally determined to give the stoi- 
chiometric end point most accurately. 


Fig. 4. Percentage of acid vs. irradiation 
time. — 
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Hydrogen Peroxide 


Hydrogen peroxide is reacted with potas- 
sium iodide in the presence of a molybdate 
catalyst, and the triiodide ion produced is 
determined colorimetrically at 350 u by use 
of a Beekman model DU spectrophotom- 
eter (11, 13). Calibration curves using 
standardized H,O, were straight lines when 
optical density differences were plotted 
against H,O.. Organic peroxides were de- 
termined by the method indicated by Weiss 
(3). 


Formaldehyde 


The method of Denige as described by 
Walker (12) was used. Schiff’s reagent is 
added to the acidified sample, and the re- 
sulting color is read spectrophotometrically 
at 580 mu. Peroxides are destroyed as sug- 
gested by Satterfield (8). 


RESULTS 


Figure 3 indicates the production of 
aldehyde as a function of irradiation time 
under a variety of experimental condi- 
tions. The aldehyde for the purpose of 
this calculation was considered to be 
acetaldehyde. Owing to the limited gas 
supply the pressure dropped somewhat 
during these runs. The magnitude of this 
drop was dependent upon the rate of 
sparging and was usually between 5 and 
20 lb. Various sparging rates had no 
detectable effect, and no effect of tem- 
perature was noted in the range of 25° 
to 61°C. 

Similar data for the production of acid 
are summarized in Figure 4. The acid 
present was assumed to be acetic. 

The dependence of the steady state 
concentration of aldehyde on total pres- 
sure is indicated in Figure 5. The maxi- 
mum concentration of aldehyde is seen 
to be inversely proportional to the log 
of the total pressure. 

Alcohol and peroxide production as a 
function of dose for total pressures of 


- 200, 500, and 700 lb./sq. in. is summarized 


in Figures 6 and 7. The alcohol was cal- 
culated as ethyl alcohol, the peroxide as 
hydrogen peroxide. 

G values for the 200 lb./sq. in. runs 
as a function of dose are plotted in Figure 
8. 


DISCUSSION 


The solute concentration in these 
solutions varies directly with total 
pressure. At the highest pressure used 
(700 lb./sq. in.) the total solute concen- 
tration is approximately 0.05M; conse- 
quently all the energy is absorbed in the 
solvent water. It is commonly postulated 
that the result of this energy absorption 
is the production of reactive radical pairs, 
H + OH8, along with smaller quantities 
of H, + HO. (14). Each 100 ev. of 
energy absorbed by the water (1 r. = 
6.08- 1018 ev./g.) produces 4.5 detectable 
water decomposition; 7.6 radicals are 
produced along with 0.8 molecule of 
H, + (14). 
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As more than 200 molecules of alde- 
hyde are produced per 100 ev. absorbed, 
it appears that the radicals are initiating 
a chain reaction between ethylene and 
oxygen. 

The initiation steps for this reaction 
could be 


These reactions are observed in the low- 
temperature oxidation of paraffins. 

The initial high G value for aldehyde 
production falls rapidly with dose (Figure 
8). After an initial rapid increase the 
concentration of the aldehyde remains 


H- + — (1) 
HO;- + H.C = CH: ~ H.0: + HC = CH; (2) 
HO- + HC = CH: > H.0 + HC = CH, (3) 
followed by 
L 
HC = CH, + 0. ~ HC—C H (4) 
#H 
Chain propagation must thus involve the reaction of this radical with ethylene. 
O—O 
| 
HC—C + H.C = CH: —~ HC—C—H + HC = CH; (5) 
H H 
followed by 
— 2HCHO (6) 
H H 


This postulated mechanism leads to 
the formation of formaldehyde. If one 
chose to use the oxidative scheme of Bell 
et al., one could predict that acetaldehyde 
would be the primary product (16). The 
initiation and propagation steps could be 
similar; however, instead of reaction (6) 
one would have 


constant with dose. The molar concentra- 
tion of the labile aldehyde is at this point 
greater than the concentration. of dis- 
solved ethylene. As no carbon dioxide was 
detected in the effluent gas stream, it 
does not appear likely that aldehyde is 


H.C = CHO.H — H:C = CHO- + OH: (7) 


followed by 


H.C = CHO- + H.C = CH, — CH;—CHO + HC = CH, (8) 


1000) 


PRESSURE (PSD 


\ 


200Pr 


TOTAL 


0.10 als 020 O25 030 035 0.40 
STEADY STATE ALDEHYDE 


Fig. 5. Steady state aldehyde concentration 
vs. total pressure. 
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being destroyed at a rate equal to its rate 
of production by another chain process. 
Most probably the aldehyde and other 
reaction products (hydrogen peroxide, 
organic peroxide, and alcohols) are pre- 
venting initiation and propagation steps 
in the reaction of ethylene with oxygen. 

The fact that increased total pressure 
decreases the maximum concentration of 
aldehyde is not easily explainable, for it 
indicates that O, is involved in a termina- 
tion step to a higher power than in the 
initiation and propagation steps. 

The other reaction products are pro- 
duced with much smaller G values. The 
constant G value for total peroxide pro- 
duction may be accounted for by the 
molecular yield for H,O: (G¢ = 0.8) and 
that produced in reaction (2) (@ = 1.7). 

Acid is apparently produced in a 
nonchain oxidation by further oxidation 
of the aldehyde. 

It is interesting to compare these results 
with those initially reported by Henley 
et al. (17) for the same system at lower 
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respects, the most notable being the 
difference in peroxide and aldehyde 
yields. The latter is probably due to the 
fact that in the low-pressure apparatus 
the gas storage tank was too small and 
so the gas pressures varied continuously 
during the runs, no steady state being 
achieved. The difference in peroxide con- 
centrations is not easily explained except 
in terms of materials used and of pres- 
sures. 

Differences in alcohol and acid con- 
centrations reported here and in previous 
papers are not great. The acid determina- 
tion is relatively unreliable at these low 
concentrations, as may be inferred from 
Figure 8. As for the alcohol determina- 
tion, this also is less precise at low-alcohol 
and high-aldehyde concentrations. This 
is the reason little weight can be given 
to the lower part of the data in Figure 7. 
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irradiation time. 


Also there is an error in reference 17; the 
alcohol and acid curves are interchanged. 

It should also be mentioned that 
polarographic measurements of oxygen 
uptake rates for the ethylene-oxygen 
system at atmospheric pressure showed 
the absence of a chain reaction. This has 
since been confirmed by British workers 
(18). 

The origin of the alcohol, which is 
produced with a constant G value of 
approximately 25, is as yet not completely 
known. It is hoped that experiments 
now in progress on higher olefins will 
help in the achievement of an under- 
standing both of the hydration process 
and the effect of pressures. Refinements 
in analytical techniques are also desirable. 
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Originally qualitative analysis and the 
reports of others led to the conclusion 
that all hydrocarbons would be of the 
two-carbon variety. From the gas- 
analysis mechanism, and an analysis for 
total carbon (19), it became apparent 
that a good deal of the aldehyde was 
formaldehyde rather than acetaldehyde. 
This was confirmed by a separate analysis 
which showed that in the case of the 
20-hr. sample of the 500 lb./sq. in. run 
about 25% of the aldehyde was formalde- 
hyde. 
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Apparatus for Visual Study of 
Corrosion by Hot Water 


DANIEL R. GRIESER and EUGENE M. SIMONS 


The design and operation of a windowed autoclave suitable for studying corrosion of 
materials by pressurized hot water are described. The technique for taking time-lapse 
motion pictures of a specimen from the instant of contact with the high-temperature water 
until the corrosion is complete is explained, and a set of typical pictures is presented showing 
the progress of the attack. Pressure and temperature measurements provide a means for 
rough computation of corrosion rates, as is shown by the results of two tests of uranium 


specimens subjected to pressurized hot water. 


A windowed autoclave was designed 
and constructed to permit visual study 
of the reaction of a corrosion specimen 
with high-temperature water. Although 
similar research is being done elsewhere, 
several features of the Battelle device 
are unique. One advantage is that the 
upper temperature is limited only by 
stresses in the pressure vessel, rather than 
by corrosive attack on the glass windows. 
Another is that the hot water can be 


SPECIFICATIONS 

ID of legs ......... 
2-1/2” 
Distance, specimen 

Volume in 200 ce 
Volume in body 

and tubing 430 cc 
Total volume in 

test-vessel system.............. 630 ce 

Thermocouple well 


Water cooling coils 


Neoprene O-ring 


SPOTLIGHT LEG 


(see Figure 4) 


Water inlet 
from preheater 


made to contact the specimen suddenly, 
and. thus a more interpretable test is 
provided than in the case where the 
specimen is subject to attack during the 
time the system is being heated and 
pressurized. 


APPARATUS 
The Viewing Autoclave 


Figure 1 shows a cross section of the auto- 
clave. There are two windows, one for 


Pressure outlet 


Closure head 


Set screw 


j Thrust ring 


Serrated nickel gasket 


Closure cap 


SPECIMEN 
(see Figure 2) 


Herculite glass window 


Confined copper gasket 


CAMERA (Viewing) LEG 


Fig. 1. Cross section of windowed autoclave. 
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illumination and one for viewing. These are 
mounted in the bottoms of water-cooled legs 
in order to permit cooling without introduc- 
ing convection currents, which would dis- 
tort the image. 

The body of the pressure vessel is sur- 
rounded by eight Cromalox strip heaters, 
so arranged as to provide a slightly higher 
temperature at the top than at the bottom. 
These help to ensure that the image will not 
be distorted by convection currents or by 
rising steam bubbles. The heaters are sur- 
rounded by about 1 in. of thermal insulation. 
The temperature at the test specimen is 
maintained at the desired value by a con- 
troller which responds to a thermocouple 
located in the heating jacket. This method 
of control minimizes temperature cycling 
and accompanying pressure cycling. The 
temperature of the water in the vicinity of 
the specimen is measured by a second ther- 
mocouple located in the thermocouple well. 

All parts of the autoclave were machined 
from type-304 stainless steel, with the ex- 
ception of the copper window gaskets and 
cooling coils, the serrated nickel main gas- 
ket, the main thrust ring of oil-die steel, and 
the alloy-steel set screws. Heliarc welding 
was used for all welded joints. 

The Herculite glass windows were ce- 
mented to the window heads, by means of a 
thin coating of water-resistant adhesive. 
The neoprene 0 rings were added to a 
standard Bridgman window seal, as shown, 
to permit the vessel to be evacuated without 
danger of dislodging the windows. These 0 
rings are not intended to seal, but merely to 
act as spacers. The seal is formed between 
the glass and the window head, as well as 
at the copper gasket. 

The upper seal is a standard pressure 
closure, utilizing a serrated nickel gasket 
compressed between a closure head and the 
body of the pressure vessel. The thermo- 
couple well, weldea to the closure head, 
serves also to hold the specimen mount, 
thereby providing a convenient arrange- 
ment for inserting and removing specimens. 


Specimen Mount 


The closure head with a test specimen 
mounted on the end of the thermocouple 
well is shown in Figure 2. The mounting 
permits sufficient rotating and sliding 
adjustments to position the specimen for 
maximum lighting and to center it along 
the axis of sight. Early trials with polished 
specimens gave images which showed 
only a narrow band of specularly reflected 
light. This difficulty was remedied by 
using a frost-gold background, as shown 
in Figure 2, and putting a satin finish on 
the specimen with emery, paper. The 
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Closure head 


Pressure outlet 
(see Figure 3) 


Thermocouple weil 


Clamping screws 


Adjustable specimen mount 


Mounting wires 


Pivot 


SPECIMEN 


Aim of camera 


resulting image is much clearer, and the 
edges of the specimen are more sharply 
defined. 

In cases where the specimen has a 
corrosion-resistant shell, it is fastened to 


the mount with Nichrome wires as shown. ~*~ 
Bare specimens must be placed in a wire \\ 
basket or in a stainless steel boat wired to 


the mount, in order to keep the specimen 
from falling into the cooled legs before 
the corrosion is complete. With bare 
specimens, viewing is consideraby more 
difficult and often impossible, because 


either the specimen container or the 
corrosion débris obscures the view. 


Preheat Autoclave and Pressure System 


VIEWING AUTOCLAVE 


Figure 3 is a diagram of the pressure (s0e Figure 1) 


system. The independently controlled 
1,000-ce. water-preheating autoclave is 
fitted with two outlets, one of which 
extends to the bottom of the vessel. It is 
thus possible to transfer the water to the 
previously heated test vessel as a liquid. 
The valving allows the legs of the test 
vessel and the preheat autoclave to be 
charged independently with predeter- 
mined amounts of water and then evacu- 


ated to outgas the water and to remove 
air Spotlight leg 


Strips inside insulation 


Fig. 3. Windowed-autoclave system. 
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Grit-blasted gold background 


Fig. 2. Closure head for windowed auto- 
clave, with specimen mounted. — 


Camera Setup 


Figure 4 is a sketch of the arrangement 
used to obtain time-lapse pictures of the 
specimen during the corrosion process. 
The light source illuminates a 1-in.-diam, 
circular area of specimen and background. 
The mirror at the end of the viewing leg 
is positioned so that the camera sees the 
specimen and the digital clock simul- 
taneously. A beam-splitter is positioned 
in front of the camera lens so that a small 
fraction of the light is reflected at right 
angles to the photographic axis. This 
arrangement allows the operator to follow 
the progress of the corrosion visually 
without disturbing the picture taking. 
The-camera used is a 16-mm. Paillard- 
Bolex, fitted with an external electric 
motor and spring drive and a 63-mm. 
Ektanon Kodak lens. The time-lapse 
control and actuating solenoid is a 
Samenco movie control, capable of 1-, 2-, 
4-, and 6- to 1,200-sec. intervals between 
frames. 


TEST PROCEDURE 


The specimen is prepared and mounted 
in the desired position, and then the test 
vessel is closed and sealed. Next 100 cc. 
of deionized water is introduced into the 
water-cooled legs to protect the glass 


Pressure recorder 


Electrical heating 


Evacuate, fill, and drain om 


Pressure gage 


Fill and evacuate — 


PREHEATER 


Electrical leads to heating 
strips inside insulation 


Valve “A” 


‘Image leg 


Cooling water for legs 
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CORRODING SPECIMEN 
(see Figures and 2) 
Lighted timer (readings in elapsed ae ae B use box 
tenths of minutes) recorded on film Mirror-adjusting screw 


simultaneously with image of 


corroding specimen Beam splitter 


(2 joined prisms) 


Mirror for 


visual observation 
Automatic timer 


Solenoid tripper for exposing 
frames at chosen intervals 


Dark box Spring-belt drive 


SPOTLIGHT Electric motor 


Fig. 4. Photographing and observation system. 


during the preheat period. The preheat 
autoclave is loaded with 550 cc. of water 
and the entire system evacuated to outgas 
the water. With all valves in the system 
closed, the preheat and viewing auto- 
claves are heated independently to the 
test temperature. The test is initiated by 
turning on the pressure recorder and then 
opening valve A (see Figure 3) to allow 
approximately 300 cc. of preheated water 
to enter the viewing autoclave and engulf 
the test specimen. At 600°F. this transfer 
is accomplished in less than 30 sec. The 
preheat vessel is then allowed to cool, as 
it has no further function in the experi- 
ment. Simultaneously with opening the 
valve, the time-lapse control and the 
specimen and timer lights are turned on. 
From this time until the corrosion is 
complete, the operation is entirely auto- 
matic. When the test is over, the heaters 
and camera controls are turned off and 
the system is allowed to cool. The pressure 
record is continued until the system has 
cooled to room temperature. Then the 
quantity of water emptied from the 
window autoclave is measured. 


TYPICAL RESULTS 


A selection of four frames from an 
actual test has been reproduced in Figure 
Fig. 5. Representative reproductions from films of test. 5. This particular specimen contained a 
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Fig. 7. Corrosion rate of uranium vs. temperature. 


uranium rod welded to zirconium plugs 
and slipped into a shell which was bonded 
to the rod and plugs. The 0.010-in. hole 
drilled in the shell is visible in Figure 5. 
The numbers at the bottom of each frame 
represent the respective times, in tenths 
of minutes, that the specimen had been 
in contact with 600°F. water. The progress 
of the corrosion is- easily followed from 
the swelling and subsequent cracking and 
bursting open of the shell. Bubbles of 
hydrogen are visible in some of the pic- 
tures, although the progress of any one 
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bubble can rarely be traced on the film 
because of the time interval between 
frames. 

Figure 6 is a graph plotted to show the 
manner in which the amount of hydrogen 
evolved may be obtained. The calibration 
curve shows the pressure history inside 
the test vessel when it is filled with 600°F. 
water with no specimen in place. This is 
necessary as it takes a finite length of time 
for pressure equilibrium to be reached 
(in this case, about 40 min.). The differ- 
ence in pressure between a test with a 
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specimen in place and a test without is, 
therefore, attributable to evolved gas. Of 
course, allowance must be made for the 
hydrogen which dissolves in the water 
and that which is lost by diffusion 
through the walls of the test vessel. By 
the use of suitable geometric equations 
which relate the area open to attack to 
the volume of material corroded, the 
hydrogen-evolution rate may then be 
translated to a corrosion rate. 

This method has been employed to 
obtain the corrosion rates listed in 
Table 1. A comparison has been made in 
Figure 7 of the data in Table 1 with 
literature data reported at lower tem- 
peratures. The line shown (1) has the 
equation 


logio k(mg. em?” 


_ 6,710 
TCR.) 


+ 10.34 


TABLE 1. SUMMARY OF CoRROSION Data 


Corrosion 
Bonding Temperature, rate (k), 
condition ys mg./(sq. 
em.) (hr.) 
Bare 587 6,260 
Unbonded 582 4,910 
DISCUSSION 


Clarity of detail in the pictures is 
limited primarily by the grain size in the 
film and the intensity of the illumination. 
In the tests made thus far, type Koda- 
chrome A film has been used, and, even 
though the grain size is not as small as 
is obtainable with Super XX, it was felt 
that the identification of color would 
compensate for the lack of definition and 
at the same time show up any character- 
istic color of the reaction products. 

Thus far the accuracy of the calculated 
corrosion rates, based on hydrogen- 
evolution data, is no better than 20%, 
owing largely to the extreme sensitivity 
of steam pressure to small changes in 
temperature. This could be improved by 
substantially more precise control of 
steam temperature. In any event, the 
windowed autoclave affords a relative 
evaluation of the influence of such 
variables as geometry, alloying, type of 
bonding, water temperature, and water 
impurities on corrosion rate. The most 
important advantage of this instrument 
is, however, that it provides a pictorial 
representation of the corrosion phenom- 
enon while it is occurring. 
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Neutron Lifetimes and Void Coefficients 
for Research Reactors 


THOMAS H. PIGFORD, MARIUS TROOST, JAMES R. POWELL, and MANSON BENEDICT 


Massachusetts Institute of Technology, Cambridge, Massachusetts 


Prompt neutron lifetimes and void coefficients were calculated for research reactors 
using M.T.R.-type fuel elements, moderators of light and heavy water, and reflectors of 
light water, heavy water, graphite, and beryllium. Heavy-water-reflected and -moderated 
research reactors may have neutron lifetimes of the order of 0.001 sec. as compared with 
about 0.00006 sec. for a light-water-reflected and —moderated research reactor. Lifetime of 
the light-water core can be improved considerably by use of better reflectors, but at a 
substantial reduction and even reversal in sign of the void coefficient. 


A desirable and important safety fea- 
ture of a nuclear reactor is the automatic 
shutdown of the reactor by temperature 
rise and/or boiling in case of a sudden 
excursion in power level. To allow for 
fuel depletion, fission-product buildup, 
and possible consumption of neutrons by 
experiments, an operating reactor must 
have excess reactivity available from an 
amount of fuel greater than that required 
to make the reactor just critical in the 
cold, clean condition. The reactor is 
inherently safe if this available excess 
reactivity can be suddenly imposed on 
the reactor without melting of fuel ele- 
ments or creation of destructive pressure 
surges before the imposed reactivity is 
canceled by effects of heat liberation. 


A dramatic demonstration of the results 
of sudden addition of excess reactivity to 
a light-water research reactor of the 
swimming-pool type was given by the 
borax tests at Arco, Idaho (1). With 
sudden addition of a small amount of 


* excess reactivity to the reactor operating 


at 80°F. the reactor shut itself off safely 
by boiling the water moderator and 
coolant. For those experiments which 
resulted in safe shutdown of the reactor 
operating initially at 80°F. the shortest 
initial period studied was “about 0.013 
sec.,”’ corresponding to the sudden intro- 
duction of 1.24% excess reactivity. 
Sudden addition of 3.3% excess reactivity 
resulted in a violent pressure surge which 
destroyed the reactor. 

If the imposed excess reactivity is 
considerably greater than the delayed 
neutron fraction B, the period 7 of the 
power transient can be approximated by 


l 
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T 


(1) 


If the power surge boils the coolant 
and/or moderator, k,.;; will change as 
boiling occurs: 


= aV, (2) 


k°.-, = effective reproduction factor at 
the beginning of the power surge 

a = steam void coefficient, or the in- 
crease in k,;; per unit increase in 
steam volume. This is assumed 
to be constant for a given reactor. 

V, = volume of steam within the re- 
actor core at time ¢ 


To minimize danger to a water-cooled 
and -moderated reactor in a power tran- 
sient, it is desirable that the reactor 
period be large to allow time for heat to 
transfer from fuel elements into the water 
and to allow time for water to vaporize 
and flow out of the reactor core. A long 
prompt neutron lifetime is of obvious 
advantage. 

For self-regulation it is necessary that 
the void coefficient a be negative. For 
given values of k°,,; and 1, the greater the 
magnitude of the negative a, the lower 
the total heat release required to shut 
down the reactor. 

In this study the prompt neutron life- 
time and void coefficient have been 
calculated for research reactors using 
M.T.R. (Materials Testing Reactor)-type 
fuel elements with various combinations 
of light- and heavy-water coolant modera- 
tor and reflectors of light water, heavy 
water, beryllium, and graphite. 


CALCULATION OF NEUTRON LIFETIME 
AND VOID COEFFICIENT 


An equation for calculating mean 
thermal lifetime of prompt neutrons is 
derived in the Appendix: 
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Ko 

[ av 
where the volume integrals are taken 
over the entire reactor volume. The 
subscripts s and f refer to properties of 
neutrons in the thermal and fast groups 
respectively. The asterisk refers to adjoint 
properties. Other terms are defined under 
notation. The numerator of Equation (8) 
gives the statistically weighted population 
of thermal neutrons in the reactor, which, 
for a thermal reactor, is essentially equal 
to the total neutron population. The de- 
nominator gives the statistically weighted 
neutron production rate for the reactor. 
The ratio of the two is the time to replace 
one neutron population by another gener- 
ation of neutrons. 

The equation for the fractional void 
coefficient moal; or the 
differential change in effective repro- 
duction factor k.;; per differential fraction 
of moderator converted to steam, is 
derived in the Appendix. 

If one considers the effect of a differ- 
ential volume dV, of steam formation on 
the effective reproduction factor, the 
steam void coefficient a is given by 


1 
Veet 


l 


(3) 


(4) 


a= 


CALCULATION OF CRITICAL MASS 
AND FLUX DISTRIBUTION 


For simplicity the calculations were 
made for spherical reactor cores com- 
pletely surrounded by reflector. The 
radius of the light-water cores was 
determined as that radius required for 
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criticality when the core contains approxi- 
mately the same concentration of water, 
uranium, and aluminum as the borax 
reactor and is surrounded by an infinitely 
thick reflector oi light water. When other 
reflectors were considered, the core radius 
and aluminum and water concentration 
were held constant, but the amount of 
uranium 235 alloyed in the aluminum fuel 
elements was varied to obtain criticality. 
In every case it was assumed that the 
reactor core contained 5% excess absorp- 
tion in the form of removable control 
elements, to allow for operational require- 
ments of reactivity. 

In a heavy-water core M.T.R.-type 
fuel elements are spaced several inches 
apart and there is considerable latitude 
in the core size; so various core radii as 
well as reflector combinations were con- 
sidered in this study. 

Also, heavy-water cores require lower 
critical masses and fewer fuel elements 
than do light-water cores and the alumi- 
num content was therefore reduced to 
57.8 kg. for the heavy-water cores. Five 
per cent excess absorption was assumed. 

Nuclear data used in these calculations 
are shown in Table 1. All calculations 
were made by means of two-group diffu- 
sion theory, and the core was treated as 
a homogeneous medium. 


RESULTS AND DISCUSSION 
Light-water Cores 


Results for the light-water cores are 
shown in Table 2. Figure 1 shows flux 
distributions for the seven light-water 
cases, normalized to unit thermal flux at 
the reactor center. Because of the short 
slowing-down length and diffusion length 
of light water, the results of case 1 apply 
as well for an infinitely thick-water 
reflector. For the borax experiment (1) 
the reactor lifetime was 0.000065 sec. and 
the fractional void coefficient was — 0.24. 
These are near the values calculated for 
the water-reflected, water-moderated re- 
actor (case 1). 

The savings in critical mass as graphite, 
beryllium, or heavy water replace the 
light-water reflector are apparent. As 
would be expected, beryllium is the most 
effective reflector for fuel savings. The 
prompt neutron lifetime can be increased 
considerably over case 1 by use of a 
better reflector. The lifetime gain with 
beryllium is due largely to the lower 
critical mass and hence to the lower value 
of k..2, in the core. With heavy-water 
reflector the almost fivefold increase in 
lifetime results mainly from the buildup 
of a large neutron population in the 
reflector. This is also evidenced by com- 
paring the flux plots for cases 1 and 7 in 
Figure 1. 

For a given reflector material, increas- 
ing the reflector thickness increases the 
neutron lifetime because of the lower 
critical mass and the greater neutron 
population. Reactors reflected by graphite 
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and heavy water benefit the most from 
the additional 30.5 cm. of reflector 
because of the large slowing-down length 
in graphite and the large thermal 
diffusion length in heavy water. Large 
values of these properties result in 
appreciable neutron concentration at con- 
siderable distances from the core, and 
additional reflector thickness is effective 
in allowing neutron population buildup 
and in reflecting neutrons back to the 
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The gains in lifetime with better 
reflectors are counterbalanced by the less 
favorable void coefficients. In fact, the 
positive void coefficients in cases 4 and 5 
mean that these reactors are definitely 
unstable to density changes. The negative 
void coefficients in cases 3 and 7 are so 
near zero as to be of little value in pro- 
viding a means of self-shutdown of the 
reactor. 

The less favorable and positive void 
coefficients result from the fact that a 
good reflector reduces the neutron leak- 
age. Any loss in core moderation and 
increased core leakage from void forma- 
tion is of lesser importance in affecting the 
neutron balance than is a poorly reflected 
or bare reactor. The main result of 
voiding light-water moderator, which has 
high neutron absorption, is to decrease 
parasitic capture, and this tends to make 
the reactor supercritical. The  well- 
reflected reactor is particularly sensitive 
to changes in parasitic capture of neutrons 
by light-water moderator because the 
reactor has a relatively low critical mass 
and a much larger fraction of thermal 
neutrons are being absorbed by water 
than with a poorly reflected reactor of 
the same core size. 

These results must be qualified, how- 
ever, as practical research reactors using 
M.T.R.-type fuel elements have parallelo- 
piped rather than spherical cores, and it is 


Fig. 1. Flux distributions for light-water 


cores. 
25 
CASE 3 
SRAPHITE 
Ds 
24.6 856 
21 
CASE 5 
D+ 
Be 
Ds 
24.6 85.6 
25 
CASE 7 
Dt 
Ds 
24.6 85.6 
RADIUS, CM. 
June, 1956 


better 
e less 
i, the 
and 5 
nitely 
ative 


re so 
pro- 
f the 


void 
at a 
leak- 
and 
rma- 
the 
cted 
t of 
1 has 
rease 
nake 
well- 
itive 
rons 
the 
nass 
mal 
ater 
r of 


Ow- 
sing 
elo- 
it is 


ater 


usually necessary to use the water coolant 
as the reflector on the two core faces 
through which the water flows. If the 
other four core faces are surrounded by 
a better reflector than light water, the 
trends will be toward more favorable 
lifetimes and less favorable void coeffi- 
cients than in the borax case, but the 
differences in these properties from the 
borax case will not be so great as those 
listed in Table 2. For example, the 
Materials Testing Reactor at Arco, 
Idaho, is a light-water core reflected on 
two opposing faces by light-water coolant 
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TABLE 1. Data USED IN Reactor CALCULATIONS 


Microscopic cross sections, barns 


Density, Thermal Thermal Fermi age, 

Nuclide g./ce. absorption* transport sq. cm. 
Us 597 
H,O 1.0 0.585 62.9 (3) 31.4 
D,0(0.25%H.20) 11 0.00229 12.0 126.0 
Be 1.85 0.00865 5.65 (3) 98.0 
C 1.60 0.00412 4.24 (3) 364 
Al 2.7 0.204 1.32 (2) 
a for U5 = capture cross section = 0.184 


fission cross section 


For the light-water core: 


Aluminum-to-water volume ratio = 0.626 
Fermi age = 59.1 sq. em. (4) 
Fast-diffusion coefficient = 1.242 cm. 


aluminum volume 


For Al-D,O mixtures at 20°C. where X = 
water volume 


r = 126.0 + 190.0X sq. cm. 
D,; = 1.28 + 0.602X — 0.125X? cm. 


*Thermal absorption cross sections from BNL-325 (2), averaged for a Maxwell-Boltzmann distribution of 
neutrons at 20°C. 


and on the remaining faces by approxi- 
mately 30 cm. of beryllium and 120 cm, 
of graphite. It is reported that the void 
coefficient for this reactor is negative. 
Fig. 2. Flux distributions for heavy-water 
cores. Heavy-water Cores 
Calculated values of critical mass, 
neutron lifetime, and void coefficients for 
the heavy-water cores with various 
reflectors are presented in Table 3, and 
flux plots are shown in Figures 2 and 3. 
P20 The most striking comparison between 
these results and those of Table 2 lies in 
x aa noi the much larger values of neutron life- 
times for heavy-water cores. The lifetimes 
of all heavy-water cores other than case 9 
are much greater even than the heavy- 
water-reflected light-water cores (cases 6 
and 7) of Table 2 because the lower 
macroscopic thermal absorption cross 
section in a heavy-water core allows a 
core neutron to live considerably longer 
before dying by absorption. 
The steam void coefficients in Table 3 
3 t SS are in some cases less favorable and in 
ro D20 some cases more favorable than the 
aS coefficient of the borax-type reactor 
° 35 ra (case 1), but they are all more negative 
than for the other light-water cores of 
Table 2. As heavy water is such a weak 
absorber of neutrons, loss of parasitic 
absorption through steam formation in 
heavy water in the core contributes little 
to reactivity changes. Decreased modera- 
tion and increased fast leakage as voids 
are formed account for the negative void 
coefficients for the heavy-water cores. 
Increasing the core radius at constant 
reflector thickness results in a more 
negative fractional void coefficient for 


020 GRAPHITE heavy-water cores. This results from the 
PA — greater dependence of the smaller core 


ko bc, (25-em. radius) upon the reflector as a 


° 3550 TT source of thermal neutrons. This can be 
RADIUS , CM. seen from the flux plots, Figures 2 and 3, 
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TaBLe 2. NuCLEAR PROPERTIES OF CoRES COOLED AND MODERATED BY 
Licgut WATER 


Core radius: 24.6 cm. 
Fuel elements: M.T.R. plate type containing 64.7 kg. of aluminum and amounts of 
indicated below. 


which show a significant peak of thermal 
flux in the reflector for the 25-cm. cores 
and a positive gradient in thermal flux 
over a large portion of the core volume. 
As the smaller core is voided, a significant 


Guns 1 2 3 4 5 6 7 fraction of the increased. fast leakage is 
Ref 10 C C B B D.0 moderated in the reflector and returned 
elector 2 D0 to the core. Since most of the thermal 
Reflector thick- neutrons diffuse toward the center of the 
ness, cm. 30.5 30.5 61 30.5 61 30.5 61 small core, loss of heavy water allows 
leo 1.594 1.438 1.386 1.305 1.290 1.457 1.391 them to penetrate nearer the center of 
ae the core, where their statistical weight 
Critical mass of : test.* 
U%, kg. 2.257 1.588 1.871 1.157 1.121 1.608 1.387 38 greatest. 
The 35-cm. heavy-water cores depend 
a enero much less upon the reflector for modera- 
connate ef sec. 0.0629 0.109 0.202 0.161 0.207 0.144 0.329 tion, as evidenced by the lower reflector 
Fractional void flux peaks in Figure 2. Likewise, thermal 
neutrons diffuse outward over most of the 
eff Neff . 35-em. cores, and with loss of heavy water 
(0V,/Vqy,0) —0.277 —0.110 —0.0391 +0.0536 +0.0735 —0.102 —0.0130 thermal neutrons tend to penetrate 
Steam void farther away from the regions of high 
coefficient = statistical weight in the center of the core. 
/ 21 2 86 The over-all effect is greater negative 
 —1.02 +1.91  —2.66 —0.338 fractional void coefficients for the larger 
heavy-water core because of effectively 
fies greater loss of neutrons by leakage when 
caer te voids are formed in the core moderator. 
*The adjoint fluxes, which determine statistical 
weights, are greatest in the center and decrease 
Bt monotonically with increasing core radius. 
x D20 GRAPHITE 
w Fig. 3. Flux distributions for heavy-water 
> cores. 
< 
CASE 15 
1.0 10 D20 GRAPHITE 
Bs 
0 
ry 25 55 116 0 35 65 126 
385 
CASE 16 
Bt 
GRAPHITE 
> 
1.0 Ke) 
D20 GRAPHITE 
25 86 147 35 96 157 
RADIUS, CM RADIUS, CM. 
TaBLE 3. Nucfear Properties or Cores CooLeD AND MopERATED BY Heavy WATER 
Fuel elements: 57.8 kg. of aluminum containing amount of U?* indicated below 
Case 8 9 10 11 12 13 14 15 16 17 
Core radius, em. 25 35 25 35 25 35 25 35 25 35 
Thickness of D,O reflector, em. 30.5 30.5 61 61 15 15 30.5 30.5 61 61 
Thickness of graphite reflector, cm. 0 tt) 0 0 61 61 61 61 61 61 
Keo 1.854 1.734 1.732 1.645 1.746 1.658 1.721 1.637 1.686 1.608 
Critical mass of U**, kg. 2.612 1.281 1.227 0.890 1.315 0.933 1.166 0.862 1.008 0.782 
Prompt neutron mean lifetime, 10-* sec. 0.239 0.444 0.708 0.955 0.633 0.872 0.835 1.087 1.223 1.490 
Fractional void coefficient 
—0.272 —0.330 —0.191 —0.232 —0.200 -—0.242 -—0.184 —0.223 —0.166 —0.200 
Steam void coefficient 
10-6 —6.19 -—1.406 -4.55 -1.53 -4.18 <-3.78 
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Obviously this effect must eventually 
be reversed as core size is increased 
further. For an infinitely large reactor 
there is no leakage, and, if no resonance 
absorbers are present, loss of moderator 
by voiding can only increase reactivity 
due to loss of poisons. 

The reactivity change per unit volume 
of steam formed is greater for the smaller 
cores, because a unit volume of steam is 
a much greater fraction of the total 
moderator volume for the smaller cores. 
The reactivity change per unit volume 
of steam is probably more significant than 
the fractional void coefficient in assessing 
the inherent safety of a reactor, as it is a 
measure of the reactivity change per 
unit amount of heat liberated. 

The results of Table 3 for spherically 
reflected cores should be good approxima- 
tions for a practical parallelopiped reactor 
core, because the core, cooled, moderated, 
and reflected by heavy water, will be 
surrounded on all sides by heavy water. 
The graphite outer reflector may be 
missing beyond two of the core faces, but 
corrections for this are of less importance. 


CONCLUSIONS 


It is clear that the greatest safety gain 
over the borax reactor is due to the use of 
heavy water for both moderator and 
reflector. This is shown by the large 
increase in prompt neutron lifetime with 
only slight decrease in reactivity change 
per unit volume of steam. 

It is difficult to give a precise measure 
of the gain in safety since it is not possible 
to determine quantitatively the amounts 
of reactivity which, if suddenly imposed 
on a given reactor, would produce the 
same result as the borax experiments. 
Analytical approaches to this have not 
been completely successful because of 
lack of information concerning transient 
heat transfer to boiling water at high 
heat fluxes and in narrow channels and 
insufficient knowledge of characteristics 
of two-phase fluid flow under rapidly 
varying conditions of pressure and steam 
quality. 
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NOTATION 


A, C, F, G = coefficients of real fluxes in 
core and reflector 

A*, C*, F*, G* = coefficients of adjoint 
fluxes in core and reflector 

D = diffusion coefficient, cm. 

k. = infinite reproduction factor 

kz; = effective reproduction factor 

k°.,, = effective reproduction factor im- 
mediately after excess reactivity 
is introduced 


l = mean lifetime of prompt neutrons, 
sec. 

L = diffusion length, em. 

Vol. 2, No. 2 


p = resonance escape probability 

r = radius, cm. 

R, = radius of reactor core, cm. 

R, = outside radius of reflector, cm. 


Si, S:, Ss; = coupling coefficients between 
fast and thermal fluxes 

S,*, S.*, = coupling coefficients be- 
tween fast and thermal adjoint 


fluxes 
t = time, sec. 
T =reactor period after transients 


from higher flux harmonics have 
died out, sec. 

v = neutron speed, cm./sec. 

V = volume, ce. 

W, X, Y, Z = space-dependent functions 
in the expressions for neutron flux 

a = steam void coefficient, change in 
reactivity per unit volume of 
steam formed, em.~3 

n = fission neutrons per neutron ab- 
sorbed in fuel 


K = reciprocal diffusion length, em. 

reciprocal period, sec.~ 

== positive component of reciprocal 
buckling, em.+ 

y = negative component of reciprocal 
buckling, em.~! 

o@ = neutron flux, neutrons/(sq. em.) 
(sec.) 

¢’ = spatial component of neutron flux 


after a perturbation, neutrons/ 
(sq. em.) (sec.) 

¢’’ = spatial component of neutron flux 
after a uniformly occurring per- 
turbation in k., neutrons/(sq. 
em.) (sec.) 


o* = adjoint neutron flux, neutrons/ 
(sq. em.) (sec.) 

= = macroscopic cross section, 

T = Fermi age, sq. em. 

Subscripts 

c = reactor core 

f | = properties of fast-neutron group 

mod = moderator in reactor core 

n = eigenvalue of space-dependent so- 
lution of neutron flux 

o = first eigenvalue of space-depend- 


ent solution of neutron flux 
= properties of thermal neutrons 
tr = transport properties 
v = steam voids 
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APPENDIX 
Derivation of Equations for Void 
Coefficients and Neutron Lifetimes 


The time-dependent neutron-balance 
equations for a two-group model of a 
thermal reactor are 


+ pro; = v, at (A-1) 
kee. 
+ (V-D;V — 
_ 1 9%, 9 
Ot (A-2) 


where 2; refers to the slowing-down cross 
section for the fast group. Resonance ab- 
sorption is assumed to occur in a narrow 
energy band between the thermal and 
fast group. Effects of delayed neutrons 
have been ignored. 

The solutions of Equations (A-1) and 
(A-2) are of the form 


where the functions ¢,, and @;, satisfy 
the time-independent equations 


+ = 0 (A-5) 


(A-3) 


+ (V-D;7 


The adjoint fluxes ¢,,,* and ¢;,,* are those 
which are the solutions of the differential 
equations resulting from transposing the 
matrix of coefficients of Equations (A-5) 
and (A-6). 


(V-D.V 2s An/V.)Psn™ 


D = 0 (A-7) 
Du + (V-D,;V 
— =O (A-8) 
A just critical reactor (A = 0) will be 


considered in which the following small 
changes are made: 


D+ + 4d, 


(A-9) 
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After the changes summarized by 
Equation (A-9), the reactor flux will fall 
or rise with an ultimate steady period 1/X. 
The space-dependent part of the per- 
turbed fluxes ¢,,’ and ¢,;,’ obey the equa- 
tions 


[V-(D, + 6D,.)V 
+ + = (A-10) 


+ | + 6D)V 


— (2, + 82, Al. =0 (A-1) 


where the subscript o refers to the funda- 
mental mode of the space-dependent 
solutions. 


— fz 
dV 
v Pp 


* ” * ” 
Peo Pro Pro ) d V 
Jv Vs 


Vs 
(A-15) 


For a single multiplying region the frac- 
tional change 6k./ks is identical with 
the fractional change in the effective 
reproduction factor 6k.;;/k.5,. One may 
solve explicitly for 6k../k. by eliminating 
d from (A-12) and (A-15) and making the 
approximation of first-order perturbation 
theory that 


= do" 


where ¢ is the solution of Equations (A-5) 
and (A-6) with \ equal to zero. 


There results 


smaller than the first term and may be 
neglected, so that 


* 
/ ay 
V OF 


k.2, 


oo, dV 


l 


IIe 


(A-21) 


This is equivalent to saying that the 
slowing-down time is small compared 
with the thermal lifetime. 

A spherical reactor core of radius R, 
surrounded by a spherical reflector shell 
of outside radius R, will be considered. 
The reactor is assumed to be just critical 
before perturbations occur. The solutions 
of the real and adjoint fluxes in the core 
and reflector are as follows: 


To compute A, one multiplies (A-10) 
by ¢,.* and (A-11) by ¢,;,* and adds. 
d is set equal to zero in Equations (A-7) 
and (A-8), (A-7) is multiplied by ¢,.’, 
(A-8) by ¢,,’, and both are added. The 
second sum is subtracted from the first 
and the resulting equation is integrated 
over the reactor volume. The result, ar- 
rived at from Green’s theorem and the 
fact that the flux vanishes at the outer 
surface of the reactor, is 


kz, 


dv 
[ 


As delayed neutrons in the original equa- 
tions have been neglected, the reciprocal 
asymptotic period \, when all harmonics 
have died out, is related to the effective 
reproduction factor k.;; and mean life- 
time of prompt neutrons | by 


For perturbations to an initially critical 


Core 
¢,. = AW+ CX (A-22) 
A SiW + (A-23) 
(A-16) 
where 
W = (A-24) 
(A-25) 
r 
p 
= 3 i -2 ) 
Si | + =| 


A reactivity change is described by that 
equivalent to a uniform change in k., 
6k.., which if imposed on the just critical 
reactor would lead to the same period, 
1/A, as do all the actual changes. The 
neutron flux ¢,”’ in this equivalent reactor 
will satisfy 


(V:-D.V 2; A/V.) 


+ = 0 (A-13) 


» 
(ka + + 

— — = (A-14) 
By the same technique that led to (A-12), 
the relation between A and 6k., is found 


to be 
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(A-12) 
reactor, k,;; initially equals unity, and so J D,. p " 
for a reactor with a single multiplying ‘2 = 2k Pee (A-27) 
region L Kec 

k 
key —1= = (A-18) |-(2 ) 
and 2 (A-28) 
6k | 2 ] 
(A-19) is) — 1) 


Solving for / from Equations (A-15) and 
(A-19) one obtains 


J = (A-20) 


For thermal reactors the second,term‘in 
the numerator of the equation is much 
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o,.* = A*W + C*X (A-31) 
= A*S,*W + C*S,*X (A-32) 
St = (A-33a) 
Pp 
1 
(A-33b) 
Pp 
Reflector 
os, = FY (A-34) 
¢., = + (A-35) 
where 
_ sinh — 1) 36 
Y = ; (A-36) 
sinh «,,(R2 — 1) 
(A-37) 
(A-38) 
1 ) 
Ss. == A-39 
o,,* = F*¥Y + G*Z (A-40) 
= (A-41) 
where 
S,* = 1— k«,,’7, (A-42) 


The fast and thermal fluxes, real and 
adjoint, must satisfy the boundary con- 
ditions of continuity of flux and neutron 
current at the core-reflector interface 


(at 


expressions for the inner reflector must 
contain both sinh and cosh terms, and 
an additional set of boundary conditions 
must be written for the interface between 
the two reflectors. The treatment is 
otherwise the same as for the single 
reflector. 

Flux expressions obtained as above 
can be substituted in (A-21) to determine 
the prompt neutron lifetime. 


Void Coefficient 


When a differential volume OV, of 
steam is formed, the total moderator 
volume increases by the same amount 
(OVimoa = OV,), and a volume OV,,,4 is 
displaced from the reactor core. The 
fractional change in k,;; per fractional 
increase in core moderator volume is 
obtained from (A-16): 


Ok ers /Kess Keo 
1 
p ore 


aV mod/ V mod Ve 


Pp 


dV 
OV moa/ J mod 


oD,. 
/ V mod 


OV moa Vo; Vo; dy | 


| dV 
Ve 


WA 4+ XC = 0] 
D,.VWA — D,,.VYF = 0 (A-43) 
SWA + §,XC — $0 =0 
D,.S:\VWA +D,-8:VXC — D,,S:V7YF — D..VZG 

WA* 4+ XC* — YF* — ZG* = 0] 
D.VWA* +D,VXC* —D,VYF* —D,VZG* = (A-44) 
+ S,*XC* — S,*ZG* 
D,.S,*VWA* + D,.So*VXC* — D,,S8,*VZG* = 0) 


For given R, and Rz, the critical fuel con- 
centration (or k..) can be calculated from 
(A-43). Relative values of the coefficients 
A, C, F, and G can then be calculated for 
(A-43), and relative values of A*, C%, 
F*, and G* from (A-44). 

If there are two reflector regions, as 
with the D.O-core reactors, the flux 
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For reactors fueled with fully enriched 
U2, p is unity and the second term in 
the brackets of (A-45) drops out. 

The differential perturbations are eval- 
uated as follows for a core consisting of 
aluminum, and moderator: 


= + 2.(Al) + 2.(mod) 
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As voids are formed, the total volume 
occupied by moderator atoms increases, 
and the macroscopic cross section for 
moderator absorption is given by 


>,’(mod) = >,(mod) 


mod 


where the primed quantities are the 
values after a change in moderator 
density. For a differential increase in 
moderator volume, 


= ~2mod) (A-46) 
D,’ = 1 
mod 
so that 


aD, 


OV moa D,(mod) 


(A-47) 


The change in slowing-down cross section 
resulting from an increase in volume 
occupied by moderator is written by 
analogy to Equation (A-46): 


» > 
0 J mod; J mod 


(A-48) 


The total slowing-down cross section 
~, will be essentially that of the moderator 
~;(mod), because of the low logarithmic 
energy decrement of aluminum relative 
to that of the moderator. 

Since the total slowing-down cross 
section in two-group theory is 


D, 


- 


>» = 
— 


Equation (A-48) becomes 


The perturbation in fast diffusion co- 
efficient is written by analogy to Equa- 
tion (A-47): 


OV moa / V mod 


In the calculation of a differential void 
coefficient for a reactor with no resonance 
capture, Equations (A-46), (A-47), (A-49), 
and (A-50) are substituted in (A-45). The 
flux integrals are easily evaluated from 
the flux expressions obtained as described 
above. The volume integrals involving 
products of flux gradients are easily evalu- 
ated from Green’s theorem. 
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Heat Transfer to Water Flowing Parallel 
to a Rod Bundle 


PHILIP MILLER, JAMES J. BYRNES, and DAVID M. BENFORADO 


Walter Kidde Nuclear Laboratories, Inc., Garden City, New York 


Heat transfer was measured for water flowing parallel to 5/8-in. rods in a triangular 
lattice (0.914-in. spacing). Velocity was varied from 5 to 20 ft./sec., temperature from 150° 
to 325°F., and heat flux from 50,000 to 200,000 B.t.u./(hr.)(sq. ft.). Reynolds numbers 
ranged from 70,000 to 700,000. Coefficients were 40% higher than predicted from the Col- 
burn equation for flow in pipes by use of the equivalent diameter. The effect of heated 
length was studied. No variation in local coefficient around the rod periphery was found. 


Pressure drops were 65% 


No published data have been found for 
the case of heat transfer to a fluid in 
turbulent flow outside rods or tubes in a 
bundle, with flow parallel to the rod axes. 
In the most recent general texts on heat 
transfer the following information is 
offered. McAdams (8) and Jakob (7) do 
not mention this case. Eckert (6) recom- 
mends using the equation for turbulent 
flow inside tubes, with an equivalent 
diameter D, = 4 X flow area + wetted 
perimeter. His recommendation is appar- 
ently made on theoretical grounds, as no 
data are cited. In the section on heat 
transfer in “The Chemical Engineers’ 
Handbook” (10) McAdams states that 
test data for gases are in rough agreement 
with equations for gases inside pipes 
when the equivalent diameter is used. 
Experimental results have been published 
on shell-side heat transfer in unbaffled 
shell-and-tube heat exchangers, and these 
were correlated by Donohue (4). How- 
ever, in these studies the local velocity 
within the tube bundle was not known, 
and the average velocity was used in the 
correlation. Because of the considerable 
space between the tube bundle and the 
shell, the leakage was undoubtedly 
sufficient to make the local velocity within 
the tube bundle much less than the 
average velocity. Presumably on this 
account Donohue’s correlation predicts 
values of shell-side coefficients that are 
one-half to one-third the values obtained 
by Eckert’s procedure. Consequently, it 
is not safe to apply Donohue’s equation 
to cases other than shell-and-tube heat 
exchangers of the type for which the 
original data were obtained. 

The lack of information on parallel-flow 
heat transfer in rod bundles no doubt 
reflects the absence of examples of its 
occurrence in industrial equipment. In 
baffled shell-and-tube heat exchangers 
true parallel flow probably does not occur; 
and in unbaffled heat exchangers it has 
evidently proved expedient to use em- 


For complete tabular data, order document 4831 
from A.D.I. Auxiliary Publications Photoduplication 
Service, Library of Congress, Washington 25, 
remitting $1.75 for microfilm or $2.50 for photoprints 
readable without optical aid. 
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higher than predicted by the Fanning equation (by use of D,)e 


pirical correlations involving average 
velocities and various correction factors 
rather than to measure the leakage and 
make more basic correlations. However, 
a need for reliable data on parallel-flow 
heat transfer has developed with the 
advent of nuclear reactors. Among the 
large variety of reactor designs under 
serious consideration for various applica- 
tions, a number involve parallel-flow heat 
transfer from cylindrical rods at high 
heat fluxes and large Reynolds numbers. 
In particular, some of these contemplate 
the use of pressurized water at high 
temperature as the coolant for power- 
producing reactors. Both technical and 
economic reasons make it important to 
know the heat transfer coefficients for 
reactor design with considerable accuracy. 
For this reason an experimental investiga- 
tion was undertaken of parallel-flow heat 
transfer to water flowing through lattice 
of cylindrical rods. 


The experimental equipment was of a 
rather large scale, as evident from the photo- 
graph in Figure 1; the maximum water- 
circulation rate was 1,100 gal./min., pro- 
vided by a 25-hp. pump. Several factors 
contributed to this large size. The first was 
the decision to study a section of a full-scale 
lattice of 5-in. rods, rather than a small- 
scale model. Then, in the absence of advance 
knowledge of the wall effect, a lattice of 
reasonably large cross section was needed; 
the one used contained thirty-seven rods 
enclosed in a 614-in. cylinder (plus eighteen 
partial rods attached to the boundary wall). 
Finally, the interest in relatively high veloci- 
ties, up to 20 ft./sec. maximum, contributed 
to the high circulation rate. 

The lattice was made up of unheated 
dummy aluminum rods except for one test 
rod, which had a 4- or 8-in.-long middle 
section internally heated by an electrical 
resistance coil. Measurements were made at 
relatively high heat fluxes [50,000 to 200,000 
B.t.u./(sq. ft.)(hr.)], corresponding to a 
maximum power density as high as 0.8 
kw./in. of heated length. Development of a 
satisfactory heated test rod, and of a method 
of measuring the temperature of the heated 
surface, proved to be the major problems of 
this investigation. All the rods had tapered 
ends and were supported vertically between 
perforated plates, so that no change‘of}flow 
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direction was required in the entrance and 
exit sections. Frictional pressure drops were 
measured along the rod length. 

This work was concerned primarily with 
obtaining heat transfer data for parallel 
flow of water in a triangular lattice of cylin- 
drical rods at high temperature, high flow 
rate, and high heat flux. The maximum 
water temperature used was 325°F. at an 
imposed pressure of 140 lb./sq. in. gauge to 
ensure the absence of boiling at the heated 
surface, which reached a maximum tempera- 
ture of 360°F. This temperature limit, which 
is several hundred degrees below the tem- 
peratures that would be encountered in 
water-cooled power reactors, is a comprom- 
ise with the rapidly increasing cost and 
complexity accompanying the higher tem- 
peratures. In addition to the normal lattice 
studies, measurements were made in four 
different lattice positions to study the wall 
effect, the effect of a neighboring control-rod 
thimble (%-in. diam.), and the effect of 
severe lattice distortion. Information was 
also obtained on the variation of the local 
heat transfer coefficient around the rod 
periphery and on the effect of heated length. 


DESCRIPTION OF EQUIPMENT 
Circulation System 


A flow diagram of the water loop is shown 
in Figure 2. The loop was constructed 
mainly of welded standard carbon steel pipe 
with bolted flange connections. Starting at 
the lower left-hand corner of the diagram 
and proceeding clockwise, water flowed up- 
ward through the test lattice, which was 
enclosed in a flanged section of 10-in. pipe. 
The water then flowed through an 11-ft. 
horizontal run (22 pipe diameters) of 6-in. 
pipe before passing through an orifice for 
flow measurement. After a 214-ft. horizontal 
run (5 pipe diameters) it entered a vertical 
downcomer (8-in. pipe) leading to the suc- 
tion side of the circulating pump. A surge 
tank consisting of an 18-in. section of 12-in. 
pipe with a total volume of 9 gal. was 
mounted above this downcomer. The tank 
was separated from the circulating system 
by a bottom plate with a 1-in. opening. 
System pressure was adjusted by introduc- 
ing compressed nitrogen into the gas space 
in the upper part of the surge tank, which 
was equipped with a liquid-level gauge glass. 
The pump was a Weinman bronze-fitted, 
horizontal split-case, cast-iron centrifugal 
with outboard bearings, direct-driven by a 
25-hp. motor. Flow rate was controlled by 
means of both a gate valve in a 4-in. by-pass 
line around the pump and a gate valve in 
the main 6-in. discharge line from the pump. 
The entire loop was insulated with 2 in. of 
85% magnesia. 

The loop was operated at water tempera- 
tures of 150°, 200°, 250°, 300°, and 325°F. 
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For the lower temperatures the water was 
heated by introducing live low-pressure 
steam. To reach higher temperatures five 
electrical Calrod heaters with a combined 
capacity of 14 kw. were used. One 3-kw. 
unit, on automatic control, was used mainly 
in keeping the system hot overnight between 
tests (two-shift operation was used for 
most of the data taking). To maintain 
steady conditions at the lower temperatures, 
it was necessary to remove heat because the 
pump added more heat than was lost from 
the insulated system. The heat was removed 
by circulating a small by-pass stream 
through a Heliflow water-to-water heat ex- 
changer. The heat exchanger had 2.76 sq. ft. 
of heat transfer area in the form of a helical 
coil of 14-in. tubing and used a maximum 
flow of 10 gal./min. of cooling water. Both 
the temperature and pressure in the loop 
were controlled manually, with satisfactory 
results. 

Water was injected into the system inter- 
mittently to make up for losses through the 


‘pump packing glands. Leakage rates be- 


came quite high at the higher temperatures 
and pressures; the 7-gal. effective liquid 
capacity of the surge tank permitted opera- 
tion without make-up for 2 hr. at the high- 
est pressure used (140 lb./sq. in. gauge). 
Make-up water, partially preheated, was 
added by means of a pressurized storage 
tank made of a 4-ft. section of 10-in. pipe. 


Instrumentation 


The general instrumentation of the cir- 
culation system is indicated in Figure 2. 
Water flow was measured with an orifice 
meter equipped with standard horizontal 
flange taps, a 4.175-in. orifice in a 6-in. line 
(6.065 in. I.D.) being used. In order to cover 
the entire flow range with a single orifice, a 
mercury-filled manometer was used to meas- 
ure the pressure differentials for the higher 
flow rates, and an inverted gas-filled man- 
ometer (using the water in the system as the 
manometer fluid) measured the lower rates. 
In this way the smallest differential meas- 
ured was 8 in. 

Static pressures in the system were meas- 
ured with Bourdon gauges with a range of 
0 to 160 Ib./sq. in. gauge, graduated to 
4 lb./sq. in. gauge, at the locations shown in 
Figure 2. The surge tank and make-up water 
tank were equipped with safety valves set 
at 150 Ib./sq. in. gauge. The top of the surge 
tank was also equipped with a ball-float 
water-drain valve. 

The following instrumentation was pro- 
vided for the test lattice. Pressure drops 
were measured across the entire lattice (over 
a 414-ft. length of the test section) and over 
the 3-ft. straight length of the dummy rods. 
For the lattice measurements pressure con- 
nections were made just below the bottom 
support plate and above the top one. In each 
case four taps in the 10-in. pipe spaced at 
90° were connected to a piezometer ring. 
The internal measurements were made by 
means of suitably modified dummy rods, in 
which the pressure was likewise averaged 
around the circumference by means of four 
openings 90° apart. In addition to one of the 
standard 5-in. rods (A in Figure 3), the 
%-in. rod used to simulate a control-rod 
thimble (B in Figure 3) was used for press- 
ure-drop measurements). 

The bulk water temperature was meas- 
ured upstream of the lattice with both a 
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thermometer and a thermocouple. The ther- 
mometer, which was used as an operating 
control and a check on the thermocouple, 
was located in an oil-filled steel well in the 
horizontal line approaching the lattice. It 
was a Fisher total-immersion thermometer 
with a scale covering 0° to 200°C. over a 
length of 18 in. and graduated to 0.2°C. 
The thermocouple was chromel-alumel and 
was inserted in an oil-filled copper well 
below the bottom support plate. The refer- 
ence junction was placed in an ice bath. 
Both the thermometer and the thermo- 
couple were calibrated in an oil bath against 
a set of four Anshutz precision thermome- 
ters covering the range from room tempera- 
ture to 200°C. and in addition were cali- 
brated at 0°C. in an ice bath and at 100°C. 
with condensing steam. When a standard 
immersion correction was applied to the 
thermometer reading, it generally checked 
the thermocouple reading within 0.5°F. 
The temperature difference between the 
heater surface and the water was measured 
directly by placing a reference junction for 
each surface thermocouple in the safhe well 
that contained the chromel-alumel thermo- 


couple for measuring water temperature. 
Since the test heater raised the temperature 
of the adjacent water by a small but appre- 
ciable amount, a correction was calculated 
on the basis that all the heat released up- 
stream of the given thermocouple location 
was used to raise the average temperature of 
one rod’s “share” of the total water flow. 
The correction reduced the measured tem- 
perature difference by 1 to 2%. The thermo- 
couple voltages were read with a Leeds and 
Northrup type K-2 potentiometer and a 
Leeds and Northrup D.C. (No. 2430) gal- 
vanometer. A 12-point rotary switch was 
used to permit rapid readings. The surface 
thermocouples were calibrated in the water 
loop by comparison with the calibrated 
chromel-alumel thermocouple used to meas- 
ure the bulk water temperature. By means 
of an ice-bath reference junction for all 
thermocouples, comparative steady state 
readings were made of the temperature of 
the circulating water, with no heat input 
to the test heater. 

The test element was heated with d.c. 
current from a Westinghouse type R.A. are 
welder, rated to supply 200 amp. at 40 


= 


Fig. 1. Water-circulation loop for heat transfer measurements. 
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Fig. 2. Flow diagram including general instrumentation for circulation system. 
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Fig. 3. Cross section through lattice showing 
arrangement of rods. 


volts. The maximum power input obtainable 
with the heaters used (close to 1 ohm of 
resistance) was approximately 3.2 kw. corre- 
sponding to a current of 56.5 amp. and a 
voltage drop of 56.5 volts across the heater. 
The power input was measured with a 
Weston model 310 wattmeter, which had 
scales of 1,000, 2,000, and 4,000 watts. Inde- 
pendent calibrations of this meter by the 
vendor and by another laboratory showed 
the maximum error on any scale to be less 
than 14 of 1% of full-scale value. 


Test Lattice 


The test lattice consisted of a vertical 
bundle of solid 61ST-6 aluminum rods sup- 
ported between two perforated plates. The 
lattice was enclosed in a cylindrical steel 
case of 614-in. I.D., which was contained in 
a 10-in. pipe. The case was supported at the 
top by a flange which was sandwiched be- 
tween two flanges connecting two sections of 
the 10-in. pipe. The annular space between 
the pipe and inner case was filled with water 
at the system pressure, but the top sup- 
porting flange prevented any flow through 
this space, forcing all the water through the 
lattice. 

The rods were 4.0 ft. long (clear distance 
between support plates). Thev had an O.D. 
of 0.625 in. and were arranged in a triangu- 
lar lattice with 0.914 in. between centers. 
Figure 3 shows a cross section through the 
lattice; it is seen that the 614-in. circular 
boundary encloses thirty-seven full-sized 
rods and intersects eighteen additional rods. 
Partial rods of the indicated cross section 
were attached to the cylinder wall in these 
eighteen positions. A single rod of 0.875-in.- 
diam., designated B, was installed to simu- 
late a control-rod thimble. The rod positions 
numbered from 1 to 4 indicate the locations 
where heater rods were installed in various 
tests. The three displaced circles (dashed 
line) adjacent to position 3 indicate the 
locations to which these three dummy rods 
were moved in a special test of lattice 
distortion. 

The dummy rods were tapered for 6 in. 
at each end to avoid blocking the openings 
in the support plates, The rods were fastened 
rigidly to the top plate by means of an ex- 
tension pin, threaded for a standard nut. 
A lower extension pin made a slip fit in an 
opening in the lower plate, to allow for 
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TABLE 1. DIMENSIONAL TOLERANCES FOR TEST-LATTICE COMPONENTS 


Component Dimension 


Support plates Rod support spacing 
Diameter 


Concentricity of center rod 
with 7.998 O.D. 
Dummy rods_ Diameter of support 
Concentricity of support 
pins and rod 
Rod straightness 
Rod diameter 


Steel cylinder Inside diameter 


longitudinal thermal expansion or contrac- 
tion. [It was found that a coating of liquid 
moly (molybdenum disulfide) prevented 
freezing of this pin.] The support plates were 
made of 61ST-6 aluminum; the top one was 
Y4 in. thick and the bottom one 1 in. The 
openimgs for water flow had a diameter of 
0.485 in.; they were arranged in a hexagonal 
pattern which resulted in an average of two 
openings for each rod and a free-flow area 
of 44.3%, or 13.6 sq. in. 

Dimensional tolerances for the test lattice 
were established on the basis that they 
should contribute to the probable error of 
the measurements equally with other 
sources, such as flow measurement, tem- 
perature measurement, etc. (See discussion 
on accuracy of results, page 231.) Table 1 
lists the resulting specified tolerances. It is 
of interest that the error analysis resulted in 
a considerable relaxation from more rigid 
tolerances originally felt to be necessary, 
which led to a considerable reduction in time 
and cost of machining. The tolerances actu- 
ally achieved are also listed in Table 1; they 
were considerably better than the specified 
values. 


Description of Heater Rod 


Three heated test rods, all basically simi- 
lar in construction, were used in obtaining 
the data reported in this paper. The con- 
struction of rod 15, an aluminum-jacketed 
unit that was used in most of the work, was 
described completely in a recent paper (9). 
Figure 4 shows some of the construction 
details of this heater rod, which had a 4-in. 
heated section located midway in its length. 

Heater rod 18, which was used in some 
cases when rod 15 was under repair and in 
some cases in the same tests as rod 15, 
differed from it only in the following re- 
spects. The heater jacket was nickel instead 
of aluminum. The thermocouples were 
chromel-alumel instead of copper-nickel; the 
thermocouple wires were 5 mils in diam- 
eter and were insulated with resin-impreg- 
nated Fiberglas. Because of the larger O.D. 
of this insulation, the grooves for the two 
external thermocouples with which the 
heater was provided had to be enlarged to 
12 mils wide by 12 mils deep. The junctions 
for these thermocouples were soldered, and 
the two wires for each thermocouple were 
only 10 degrees apart on the circumference. 
In addition, rod 18 was provided with two 
‘internal’ thermocouples, which were used 
to test a method of thermocouple installa- 
tion that involved minimum disturbance of 
the heater surface. A 6-in. groove 25 mils 
wide by 20 mils deep was made along the 
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Actual 


Specified 
Magnitude, tolerance, tolerance, 
in. in. in. 
0.914 +0.015 +0.003 
7.998 +0.000 +0.000 
—0.003 —0.003 
0.005 0.005 
0.202 +0.000 +0.000 
—0.005 —0.002 
0.010 0.005 
0.010 0.005 
0.625 +0.005 +0.002 
614 +1/64 +0.005 


inside of the nickel jacket. Two holes, each 
31 mils in diameter, were drilled out to the 
surface, each being 14 in. from the center of 
the groove on either side. Two chromel- 
alumel thermocouples were brought in along 
this groove, one from either end, and the 
junctions were bent into the holes and 
brought out to within about 5 mils of the 
surface. The hole was then filled in with hot 
solder and smoothed over. The leads for 
these two thermocouples were brought out 
through the hollow end pieces of the rod, 
along with the power and voltage leads. 

The two internal thermocouples were 
located respectively 14 in. upstream (No. 1) 
and 4 in. downstream of the middle. (See 
Figure 5.) One external thermocouple (No. 
3) was located 14 in. downstream, 180 de- 
grees away from No. 2, and the other (No. 
4) was located 14 in. upstream, 90 degrees 
from No. 1. 

Heater rod 20, which was constructed 
late in the investigation, had an 8-in. 
heated length and a copper jacket. It was 
provided with eight thermocouples spaced 
axially along the rod from 5% to 71% in. past 
the upstream end and 45 degrees apart 
circumferentially. Each thermocouple re- 
quired only a single groove, for a nickel 
wire, as the copper jacket completed the 
thermocouple circuit. (It was found by test 
that the thermoelectric effect between the 
copper tube and copper wire was negligible.) 


Surface Temperature Measurement 


Measurement of the surface tempera- 
ture presented serious difficulties. The 
thermocouple had to be mounted in a 
manner that would avoid local flow dis- 
turbance and at the same time would 
place the junction at the surface. The 
use of a plated thermocouple, as described 
by Bonilla (6), was considered but had 
to be discarded because it would require 
either an insulating layer between the 
thermocouple and the rod jacket or the 
use of a nonmetallic rod, and neither was 
practical. Both calculation and experi- 
ment showed that a thermocouple plated 
directly on the metal jacket would read 
the temperature only at the point where 
the insulated lead wire made a junction 
with the plate, and so the plate served no 
purpose. 

The method used, that of embedding 
the thermocouple wires in shallow down- 
stream grooves which were then filled and 
smoothed, avoided interference with 


June, 1956 


LATTICE, 
W 
/ 
OG 00 
fe 
ROOOOW 
I 
5 
Al | 


water flow. However, it presented several 
possibilities for error that had to be 
investigated. First, because the thermo- 
couple junction was below the surface 
and there was a temperature gradient in 
the jacket, the thermocouple might read 
high. Second, because the thermal con- 
ductivities of the thermocouple itself, 
or the cold solder used to wedge it in, 
and of the intermetallic boundaries were 
different from those of the jacket material, 
a disturbance might result in the thermal 
flux pattern which could make _ the 
thermocouple read either high or low. 
Both of these effects would vary with the 
thermal conductivity of the jacket 
material, and for this reason heated 
elements were initially constructed with 
both aluminum and nickel jackets [k = 
119 and 34 B.t.u./(hr.) (ft.)(°F.), respee- 
ively], and later with a copper jacket 
(k = 218). 


rods were incorporated in an annulus 
heat transfer experiment. 


Heat Transfer Measurements in a Tube 


The tubular tests were made in a 
vertical copper tube 0.548 in. I.D. Water 
flowed upward. An 8-in. length was heated 
by an external winding of asbestos- 
insulated chromel-A wire, covered with 
1 in. of 85% magnesia. The inner wall 
temperature was measured by two 
thermocouples located 90 degrees apart, 
each consisting of a 3-mil nickel wire 
inserted in a groove 8 mils wide by 8 mils 
deep, with the copper tube completing 
the circuit. The soldered junctions were 
located 6 in. from the upstream end of 
the heater. Two external thermocouples 
were similarly installed in grooves on the 
outside of the tube, 90 degrees apart 
from each other and each 90 degrees 
apart from one of the interval thermo- 
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adequate for full development of the 
thermal boundary layer. The total 
straight upstream length was 29 in. (53 
diameters), sufficient for a fully developed 
hydraulic boundary layer. 

The two external thermocouples differed 
by 8% (based on AT), and their mean 
was consistently higher than the mean 
of the internal thermocouples. The differ- 
ence varied from 0.1° to 1.9°F. with a 
mean of 0.7°F. This compares with a 
calculated temperature drop of 0.8°F. 
across the copper tube wall. 

The reliability of the measurements 
was confirmed by a heat balance, which 
indicated that the water picked up 
95 + 5% of the total electrical heat input. 
This was corroborated by an external 
loss of 3 to 5% from the heating coil, as 
indicated by both measurement and 
calculation. A value of 95% of the 
measured power input was used in calcu- 
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Fig. 4. Details of construction of heater“in rod 15. 


Calculations were made for nickel and 
aluminum to evaluate these two sources 
of error. Rather drastic assumptions had 
to be made with regard to thermal 
resistances at boundaries, etc., and these 
limit the applicability of the calculated 
results. They supported the conclusion, 
however, that higher temperatures (lower 
values of h) should be measured for the 
nickel rod than for the aluminum rod 
under comparable conditions. This agrees 
with the experimental results. 

In view of the difficulty of establishing 
directly the accuracy of the surface- 
temperature measurement, it was desir- 
able to check the over-all accuracy of 
the heat transfer measurements by com- 
parison with previous work. There are 
no pertinent data available for an open 
lattice. Two other methods of checking 
the measurements were resorted to. In 
one, heat transfer coefficients were deter- 
mined for water flowing inside a tube, 
the same technique of thermocouple 
installation being used here as for the 
heater rods. In the second, the actual 
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couples. A layer of aluminum foil was 
wrapped around the tube, covering the 
external thermocouples, before the heat- 
ing coil was applied, to minimize the 
possibility that these thermocouples 
could reach a temperature higher than 
that of the outer copper surface. 

Measurements were made at water 
temperatures of 73° and 140°F., velocities 
of 31% and 7 ft./sec., and a single flux of 
34,000 B.t.u./(hr.)(sq. ft.). The water- 
film temperature drops measured by the 
two internal thermocouples differed con- 
sistently by about 7%. Values of the heat 
transfer coefficient based on an average 
of the two were about 20% higher than 
values predicted by the Colburn equa- 
tion (10): 


hD (2 "(Sx)" 
—— = 0.023;—]} 


When the heated upstream length was 
decreased from 6 to 2 in., the values of h 
increased by 4%; this small change indi- 
cated that a 6-in. heated length was 
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lating experimental heat transfer coeffi- 
cients. 

The agreement of the external and 
internal thermocouples was direct evi- 
dence that the method of installation did 
not introduce any systematic error. It 
demonstrated even more strongly that 
the internal thermocouples were not 
reading erroneously low (leading to high 
values of h), as it is difficult to conceive 
of factors that would make the external 
thermocouples read too low. The accuracy 
of the temperature measurements was 
corroborated by the agreement of the 
‘measured heat transfer coefficients, to 
20%, with the Colburn equation. 


Annulus Heat Transfer Measurements 


The annulus measurements have been 
reported separately (9). The results indi- 
cated that coefficients measured with 
rod 15 (aluminum jacketed) and rod 20 
(copper jacketed) were about 20% higher 
than predicted by the Colburn equation, 
by use of the equivalent diameter D, = 
D, — D,. Coefficients measured with 
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Fig. 5. Developed views of heater surfaces showing thermocouple locations. 
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Fig. 6. Heat transfer data for water flowing parallel to cylindrical rods. 
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nickel-jacketed rod 18 (not reported 
elsewhere), based on thermocouples 3 
and 4, were about 10% higher than the 
Colburn values, which is in accord with 
the prediction that thermocouples em- 
bedded in nickel should indicate values 
higher than the true surface temperature. 
From these results, and the considera- 
tions mentioned above, it is concluded 
that a true measure of the surface tem- 
perature was obtdined with rod 15, and 
that the temperatures measured with 
rod 18 indicated water-to-jacket tem- 
perature differences that were 10% too 
high. 

However, rather than to make the 
indicated adjustment of 10% in the rod 
18 measurements, it has been deemed 
preferable to report the uncorrected 
results. While this increases the scatter 
of the data taken as a whole, the scatter 
is still not excessive for measurements of 
this type. (See Figure 6.) 


Behavior in Lattice Tests 


Heating element 15 (aluminum) was 
equipped with two copper-nickel thermo- 
couples designated No. 1 and No. 2, 
located 180 degrees apart at the mid- 
length of the heater. (See Figures 4 and 5.) 
The film temperature drop measured with 
thermocouple 1 was consistently higher 
than that measured with No. 2 by about 
10 to 20%. The difference was virtually 
unaffected by rotating the heating ele- 
ment 30 or 180 degrees (runs 9, 10, and 
11), which indicated that it was not 
caused by local differences in flow con- 
ditions in a triangular lattice. It was 
likewise unchanged by at least three 
successive repairs to the thermocouples, 
in which the wire tips were removed from 
their grooves, the grooves cleaned, and 
the junctions reconstituted. This be- 
havior indicated that the thermocouple 
readings were not sensitive to minute 
differences in the method of installation. 

After considering and eliminating bow- 
ing of the heated element as the cause of 
the difference in reading between No. 1 
and No. 2, the authors concluded that it 
was probably due to nonsymmetrical heat 
flux around the periphery. The layer of 
Sauereisen insulation separating the heat- 
ing coil from the aluminum jacket was 
31 mils thick, and because of its relatively 
poor conductivity there was an estimated 
temperature drop of as much as 1,500°F. 
across it. For this reason, even smail diff- 
erences in the thickness of the layer or in 
its thermal conductivity around the cir- 
cumference could result in a nonuniform 
flux distribution. Méasurement of the 
thermal conductivity of several samples 
of Sauereisen in a Cenco-Fitch apparatus 
(2) gave values varying from 0.27 to 0.48 
B.t.u./(hr.) (ft.)(°F.); although the abso- 
lute accuracy of these measurements is 
questionable (owing to boundary effects), 
this degree of variation would readily 
account for the observed differences in 
thermocouple readings. 
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The procedure was followed of averag- 
ing the readings to No. 1 and No. 2 
whenever an average coefficient was being 
measured with rod 15. In some cases 
rod 15 was used in locations where the 
coefficient was expected to vary around 
the circumference, i.e., next to the wall 
(run 12) or next to a simulated control 
rod (run 13A). In such cases the values 
measured with the individual thermo- 
couples were compared directly with the 
readings of the same thermocouple when 
the rod was tested in a central, or 
“normal,” location (run 10, lattice 
position 3). 

For rod 18 (nickel jacketed), thermo- 
couples 3 and 4 agreed quite closely 
(within 3%), and their average value was 
10 to 15% above the values given by 
No. 2. Number 1 failed at an early stage 
and was not repaired. Number 2 failed 
after it had been used in several runs; 
however, it was the only thermocouple 
functioning on rod 18 in run 16B, 
because of failure of the external leads 
of No. 3 and No. 4. 


ACCURACY OF RESULTS 


From the degree of scatter in Figure 6, 
the reproducibility of measurements in 
different runs, and the tubular- and 
annular-flow heat transfer measurements, 
it is estimated that the over-all accuracy 
of the results was 8%. This uncertainty 
was greater than the maximum probable 
error, which was estimated as +4.1% 
from procedures described by Sherwood 
and Reed (11). Q was measured to 0.5% 


or better, and A was known with at 
least this accuracy ; calculations confirmed 
that axial heat flow was negligible in the 
vicinity of the thermocouples. The orifice 
measurement was accurate to 42%, and 
this combined with the uncertainty in the 
free-flow area gave V a probable error 
of +2.8%. However, a further uncer- 
tainty is introduced by the possible 
difference between the average velocity, 
V, and the local velocity at the heated 
rod. The added surface (or reduced 
equivalent diameter) at the wall tends 
to give a lower velocity near the wall, 
making the velocity in the inner zone 
higher than the average. A calculation 
of this effect, based on the Fanning 
equation and the assumption of two 
zones of constant velocity, indicated that 
the velocity in the inner zone might be 
4.5% higher than the average velocity. 


HEAT TRANSFER MEASUREMENTS 
IN NORMAL LATTICE 


Table 2 lists the variables studied and 
their range of variation; the rod diameter 
and normal lattice spacing were not 
varied. 


TABLE 2. RANGE OF TEST VARIABLES 


Water temperature, °F. 150-325 
Water velocity, ft./sec. 5-20 
Lattice positions 4 


70 , 000-700 , 000 
2.5-10 


Reynolds number 
Power density, kw. /ft. 
Heat flux, 


B.t.u./(sq. ft.) (hr.) 52 ,000—208 , 000 


TaBLeE 3. Typrcat Heat TRANSFER Data 


Run 9ft 
Purpose-normal lattice 


Test element 15 
Lattice position 3 


Bulk Average Heat Corrected film 
water water flux, Re; temp. drop, °F. h,t 
temp.*, velocity, B.t.u./ B.t.u./(hr.) 
oF, ft./sec. (hr.)(sq. ft.) T.C.2 (sq. ft.) (°F.) 
200.3 4.95 104 ,300 118.0 46.6 43.3 2,320 
200.2 9.94 105 ,200 211.8 27.8 25.0 3,990 
200.4 14.91 105 ,200 299.8 20.7 18.8 5,340 
199.4 19.90 104 ,500 434.3 16.8 15.0 6,600 
199.2 4.97 104 ,600 117.2 44.5 40.7 2,460 
199.5 4.97 52,100 110.7 21.3 19.4 2,570 
199.4 9.97 52,100 215.3 12.8 11.3 4,350 
199.9 14.93 52 ,000 319.2 9.5 8.5 5,790 
201.0 19.91 52,000 426.6 7.9 7.0 7,020 
202.2 4.80 52,000 107.8 21.2 19.3 2,570 


*Upstream of heater, uncorrected for heat input. 


{Based on calculation using average corrected film temperature drop. 
tiData for 150°, 250°, and 295°F. are omitted to conserve space. 


TaBLe 4. Errect or Heat 


Ratio of 
Bulk Ratio of heat transfer Values 
Heater water power coefficients 

Run rod temp., °F. densities (avg.) No. Range 

9 15 200 1650/825 0.939 5 0.910—.980 
10 15 200 1650/825 0.964 5 0.930-.981 
17B 18 325 1650/825 0.929 3 0.918-.937 
16B 18 150 3200/1650 1.085 5 0.937-1.170 
16A 15 150 3200/1650 1.063 3 1.035-1.078 
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A total of twenty-two runs was made, 
of which runs 1 through 8 were prelim- 
inary, being devoted to testing and 
improving the heated test elements and 
the method of surface-temperature meas- 
urement. Heater rod 15 was tested in 
positions 1, 3, and 4 (see Figure 3), heater 
rod 18 was tested in positions 2 and 3, 
and heater rod 20 was tested in position 3. 
Table 3 gives detailed results for a typical 
run. 

Figure 6 presents a plot of all the heat 
transfer data that were obtained for 
normal lattice conditions.* These com- 
prise the measurements for lattice posi- 
tions 2 and 3, with rods 15, 18, and 20. 
For rod 15 the results for thermocouples 
1 and 2 were averaged, and for rod 18 
the values are either an average for 
“external” thermocouples 3 and 4 or 
the measurement with “internal” ther- 
mocouple 2, whichever was functioning. 
For rod 20, thermocouples 2 to 7 were 
averaged. 

The slope of the best straight line 
through the data is very close to 0.8, in 
agreement with heat transfer behavior in 
pipes. With the slope fixed at 0.8, least 
squares analysis (using vertical devia- 
tions) gave the following equation: 


1/3 y¥\0.8 
hD, (Sx) 0.032( (2) 
k k by 


The data for copper rod 20 (tagged open 
symbols) fall slightly higher than those 
for aluminum rod 15 (solid symbols), 
which are higher than those for nickel 
rod 18 (open symbols). The equations for 
the three sets of data taken separately 
would have constants of 0.034, 0.033, 
and 0.031, respectively (with the slopes 
kept arbitrarily at 0.8). 


Effect of Heat Flux 


Most of the measurements were made 
at a power density of 5 kw./ft. [heat flux 
of 104,000 B.t.u./(hr.) (sq. ft.)], but com- 
parative measurements were made also 
at power densities of 2.5 and 10 kw./ft. 
The available results are compared in 
Table 4. Heat transfer coefficients at 
5 kw./ft. were 6 or 7% lower, on the 
average, than values measured either at 
the higher or lower power density. No 
explanation of this behavior has been 
suggested. Allowance for increased film 
temperature would indicate a small 
increase in coefficient with power density, 
less than that observed. 


Heater Entrance Effects 


The effect of heated length on apparent 
heat transfer coefficient was studied in 
some detail with rod 20, which had an 
8-in. heated section. Representative re- 
sults are shown in Figure 7. To facilitate 
comparison a relative value of the coeffi- 
cient h, has been plotted; h, is the ratio 


*The physical property data were taken from 
Eckert (5). 
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Fig. 7. Effect of heated length on heat transfer coefficient. 


of h as measured by a particular thermo- 
couple to the h calculated from the 
average readings of thermocouples 2 and 
3 at the given velocity. Thermocouples 
2 and 3 were chosen as the reference 
because they were the furthest down- 
stream and agreed with each other at all 
velocities. (Number 1 was actually the 
furthest dow —— but was evidently 
close enough, 3% in., to the end to have 
its reading low ered by axial conduction.) 
For these tests the velocity range was 
extended down to 1 ft./sec. 

An effect of heated length is clearly 
evident at the lower velocities, which 
increases with decreasing velocity. How- 
ever, for thermocouple 7 (1% -in. station) 
it was less than 5% maximum for the 
velocities of 5 ft./see. and higher at 
which the general heat transfer study 
was made. At the 2-in. station, corre- 
sponding to the thermocouple location in 
the 4-in. heater rods, no significant effect 
of heated length was evident at velocities 
above 3 ft./sec. It will be observed that 
the readings of thermocouple 8 (5-in. 
station) may or may not have been 
influenced by axial cooling; calculations 
placed it on the border line of such effects. 

Measurements at two different heat 
fluxes, 63,000 and 100,000 B.t.u./(sq. 
ft.)(hr.) showed close agreement. 

The results indicate that a 2-in. heated 
length (L/D, = 2.4) was sufficient for full 
development of the thermal boundary 
layer at velocities of 5 to 20 ft./sec. The 
systematic indication of an increasing 
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effect of heated length with decreasing 
velocity below 5 ft./sec. is evidence of the 
adequacy of the method to detect any 
effects that do exist. 

The results also confirm that the 
hydraulic boundary layer (L/D, = 21) 
was fully established. 

Additional evidence on the question of 
heated length was obtained with heater 
rod 18, on which thermocouple 3 was 
located 1 in. further downstream than 
thermocouple 4. (See Figure 5.) Data for 
a comparison are available from runs 
13B and 17B. In run 13B the average 
value of hi/hs was 1.045 + 0.039 (based 
on twelve values), and in run 17B it was 
1.028 + 0.031 (based on twenty-one 
values). The difference between h3 and hy 
is within the experimental accuracy. 


Simultaneous Heating of Two Rods 


In run 17 advantage was taken of the 
opportunity to test two heated rods 
simultaneously, with rod 15 in lattice 
position 3 and with its No. 2 thermocouple 
directly adjacent to rod 18 in lattice 
position 2. A comparison of heat transfer 
coefficients measured with this thermo- 
couple, with and without simultaneous 
heating of the adjacent rod, showed no 
effect. 


EFFECT OF LATTICE VARIABLES 
ON HEAT TRANSFER 

Tests were made to obtain information 
on the effect upon the heat transfer co- 
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Fig. 8. Effect of lattice position on heat 
transfer (rod 18). 


efficient of lattice position, lattice dis- 
tortion, and thermocouple orientation in 
the unit lattice cell. Rod 15 was used in 
all these tests. As any of these variables 
might result in a peripheral variation in 
heat transfer coefficient, the average value 
for thermocouples 1 and 2 was not of 
much use in evaluating the results. 
Instead, the value measured with each 
thermocouple was compared directly with 
the readings of the sample thermocouple 
under the same conditions in run 10 
(lattice position 3). The deviations of the 
bulk water temperatures, power densities, 
and flow rates for the various runs from 
the nominal values were small enough to 
make such a comparison valid. As the 
values of h obtained in run 10 were 
somewhat higher than the average 
results, this basis of comparison exagger- 
ates slightly the effect of lattice variables. 


Effect of %-in. Rod 


Run 138A was made with rod 15 in 
lattice position 4, adjacent to the 1%-in.- 
diam. dummy rod which simulated a 
typical control thimble. Heat transfer 
was measured at 150° and 200°F. at a 
heat flux of 104,000 B.t.u./(hr.) (sq. ft.). 
Thermocouple 2 was located directly 
adjacent to the 7-in. rod.* The average 
value of the ratio of h2 (run 13A) to hz 
(run 10) was 0.916 + 0.0287, and for i 
the average ratio was 0.956 + 0.030. The 
comparison indicates a reduction of about 
8% in the coefficient directly adjacent to 
te %-in. rod and a reduction of about 
4% on the opposite side. 


Wall Effect 


Run 12 was made with rod 15 in lattice 
position 1, next to the wall, with thermo- 


*Actually the nickel wire of thermocouple 2 had 
this location, but the Ni-Al junction contributes 
about 80% of the total Ni-Cu voltage. . 

{The value +0.028 is the probable error = 0.6745 
X standard deviation. 
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Fig. 9. Effect of lattice distortion on heat 
transfer. 


couple 1 adjacent to the wall. Measure- 
ments were made at 150°, 200°, and 
250°F. and a heat flux of 104,000 B.t.u./ 
(hr.)(sq. ft.). The average value of the 
ratio of h; (run 12) to A, (run 10) was 
0.616 -- 0.022, and for h. the average 
value of the ratio was 0.876 + 0.020. Thus 
the coefficient was reduced about 40% 
on the side nearest the wall and about 
12% on the opposite side. 

These figures indicate that the wall 
effect does not extend very far into the 
lattice. This conclusion is confirmed by a 
comparison of the results obtained in 
lattice positions 2 and 3 (obtained with 
rod 18; rod 15 was not tested in position 
2). Tests were made in position 3 in 
runs 13B and 15B (with thermocouple 3 
facing the wall) and in position 2 in 
run 17B (with thermocouple 2 facing 
the wall). As a point-to-point comparison 
of these tests would leave a majority of 
the data out of consideration, it is more 
convenient to make the comparison in a 
plot, and this is done in Figure 8. The 
data showed considerable scatter, with 
the points for lattice position 2 bracketed 
by values obtained for position 3 in 
runs 13B and 15B respectively. The 
evidence, within its limits of accuracy, 
indicates that the wall effect did not 
extend to lattice position 2 (and on this 
basis the data for position 2 were included 
in Figure 6). 


Lattice Distortion 


The effect of severe fuel-rod distortion 
was simulated by reducing the minimum 
clearance between heated rod 15 and 
three of its six neighbors by 3/16 in., 
from 0.289 to 0.101 in. (See Figure 3.) 
Three sets of measurements were made 
at 150°F. and a heat flux of 104,000 
B.t.u./(hr.)(sq. ft.), with thermocouple 1 
facing the crowded lattice (run 17A). The 
results are compared with those of run 
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Fig. 10. Friction-factor 


10 in Figure 9. The ratio of the heat 
transfer coefficient in the crowded lattice 
to that in the normal lattice varied from 
0.596 to 0.773. When this ratio is plotted 
against the velocity on log-log paper, the 
points are fitted quite well by a straight 
line. 

Also plotted in Figure 9 are values of 
the ratio of heat transfer coefficients 
measured with thermocouple 2 (180 
degrees from No. 1) in runs 17A and 10 
respectively. The values ranged from 
0.992 to 1.213 and also fell on a straight 
line. 


Local Coefficient 


Between runs 10 and 11 heater rod 15 
was rotated 30 degrees, with no other 
change in the lattice. This change moved 
thermocouple 1 from a position on a line 
of centers to a point of maximum removal 
from the neighboring rods and did the 
reverse for thermocouple 2, thus providing 
a test of the maximum potential variation 
in local coefficient around the periphery. 
The ratio of heat transfer coefficients 
measured with the two thermocouples 
hz/h, was compared for the conditions 
common to both runs: 150°, 200°, and 
250°F. at a flux of 104,000 B.t.u./(hr.) 
(sq. ft.). 

The average value of the ratio was 
1.113 + 0.018 in run 10 and 1.141 + 0.045 
in run 11. The difference is less than the 
experimental uncertainty and is con- 
sidered to indicate the absence of periph- 
eral variation. 

Average values of h were 97% as high 
in run 11 as in run 10. 
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data for open lattices. 


PRESSURE-DROP MEASUREMENTS 


The frictional pressure drops within the 
lattice were measured over a 3-ft. length 
of the 54-in.-diam. pressure rod. Pressure 
drops were not measured in all runs, but 
values were obtained covering the entire 
range of operating conditions. Measure- 
ments made with the 7-in. pressure rod 
agreed with those made with the 5¢-in. 
rod, apart from some random variation. 

The observed pressure drops were used 
to calculate values of the friction factor 
f from the relation 


_ FgD. 
f (3) 


obtained from the Fanning equation. 
The results are plotted against the 
Reynolds number in Figure 10. On the 
whole, the data are fitted quite well on a 
log-log plot by a straight line with a slope 
of —0.2, having the equation 


f = 0.074 (4) 


This slope agrees with predicted behavior 
for turbulent flow in pipes. 

The experimental values of f fall con- 
siderably above the curve for turbulent 
flow in smooth tubes, taken from Perry 
(10). On the average, the measured 
values are about 65% higher than the 
curve. It is believed that the rods were 
initially comparable to smooth tubes in 
surface finish and remained so as evi- 
denced by physical appearance and lack 
of a trend in heat transfer and pressure- 
drop data with time. 
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The measured frictional pressure drops 
varied from about 0.076 Ib./(sq. in.)/(ft.) 
at 5 ft./sec. to about 0.91 lb./(sq. in.) 
(ft.) at 20 ft./sec. at 150°F. The pressure 
drop over the entire lattice, including 
both support plates, ranged from 0.55 
to 8.04 lb./sq. in. 


RELATION OF HEAT TRANSFER 
TO PRESSURE DROP 


Colburn (3) showed that the heat 
transfer factor 


‘= ch 
= 


was equal to f/2 for turbulent flow in 
pipes and parallel to plane surfaces but 
was less than f/2 for flow across tube 
banks. A recent report (1) shows that for 
heating and cooling of water in rec- 
tangular ducts, the ratio of 7 to f/2 varied 
from about 0.8 for square ducts to 0.64 
for a duct with an aspect ratio of 7.9. 
For the present case, by combining 
Equation (2) 


Nu = 0.032 Re? (2) 
and Equation (4) 
f = 0.074 Ree (4) 


one obtains 


This procedure is not strictly correct, as 
the pressure-drop measurements were 
made for unheated rods; however, it is 
estimated that the correction for this 
discrepancy would be less than 2% for 
most of the range studied. It would be 
less than 6% for a heat flux of 208,000 
B.t.u./(hr.)(sq. ft.), a temperature of 
150°F., and a velocity of 5 ft./sec., which 
represents the worst case. 

The fact that the ratio is less than 1.0 
indicates that the pressure-drop data 
support the correctness of the relatively 
high values found for the heat transfer 
coefficients. 


SUMMARY 


Heat transfer coefficients were determined 
for parallel flow of water through a bundle 
of cylindrical rods at water temperatures 
of 150° to 325°F., velocities of 5 to 20 
ft./sec., and heat fluxes of 50,000 to 
200,000 B.t.u./(hr.) (sq. ft.). No previous 
data for this case were found in the 
literature. For this range of conditions 
the apparent coefficient remained un- 
changed for heated lengths greater than 
1% in. (L/D, = 1.6). The experimental 
values were 40% higher than would be 
predicted by use of Colburn’s equation 
for flow inside tubes, with the equivalent 
diameter D, replacing the tube diameter, 
as proposed by Eckert. The frictional 
pressure losses were likewise higher, by 
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65%, than would be predicted by sub- 
stituting D, in the Fanning equation. 
These two results are mutually consistent 
in the light of the modified Reynolds 
analogy. 

The heat transfer data are fitted by 
the equation 


0.8 1/3 
0.032(? (Su) (2) 
k Mr k 


which is analogous to the Colburn 
equation. However, there is no assurance 
that this relation will prove correct for 
lattices of dimensions different from those 
of the single lattice studied in the present 
work. Heat transfer measurements are 
needed in various lattices before a general 
relation can be established. 

No variation in local coefficient around 
the rod periphery was found. The co- 
efficient was reduced by 40% directly 
adjacent to the wall of the lattice case, 
but there was practically no reduction at 
the second rod from the wall. The effect 
of local distortion of the lattice was 
measured. 
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NOTATION 
A = heat transfer area, sq. ft. 
C, = Specific heat of water at bulk tem- 


perature, B.t.u./(Ib.)(°F.) 
D or D, = outside diameter of rod, ft. 
D, = for annulus, jacket diameter, ft. 
D,. = Equivalent diameter, ft. = 
4 X flow area 
wetted perimeter 


friction factor, defined by Equa- 
tion (4) 

pressure loss, ft. of fluid flowing 
gravitational constant, ft./(sec.)? 
mass velocity of water, avg., 
Ib./(hr.) (sq. ft.) 

= heat transfer coefficient, B.t.u./ 
(hr.) (sq. ft.) (2 is used with various 
subscripts through report, as de- 
fined in text in each case) 

heat transfer factor = 


2/3 
C,G (Pr;) 


| il 


II 


Il 


thermal conductivity of water at 
bulk temperature, B.t.u./(hr.) (ft.) 
(°F.) 
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= length of flow passage, ft. 
Nu = Nusselt number, 


hD 
k k 
P = frictional pressure drop, 1b./(sq. 


in.) (ft.) 
Pr = Prandtl number, 


Com 


k 


Pr; = Prandtl number, 


k 


Q = heat-flow rate, B.t.u./hr. 
Re = Reynolds number, 


DVp D.Vp 


Re; = Reynoids number, 


DVp 
My My 


T = temperature, °F. 
AT = temperature difference from rod 
surface to bulk water, °F. 


V = water velocity, avg., ft./sec. or 
ft./hr. 

 ~=6©= viscosity of water at bulk tempera- 
ture, lb./(ft.) (hr.) 

uM; = viscosity of water at average film 
temperature, lb./(ft.) (hr.) 

p = density of water at bulk tempera- 


ture, lb./cu. ft. 
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Factorial Experiments in Sequence: 
the Attainment of Optimum Conditions 
for a Decontamination Process 


M. K. BARNETT, P. M. HAMILTON, and F. C. MEAD, JR. 


Mound Laboratory, M 


The advantages of factorial design are first illustrated by a simple experiment devoted 
to the effect of two pH factors and an iron-concentration factor on the efficiency of a decon- 
tamination process employing iron sulfide as a scavenging agent. The broadening of the 
base of an investigation by the expansion of a factorial is illustrated by addition of the 
sulfide concentration as a factor. Finally the principle of expanded factorials is further 
utilized in the later phases of the study, in which additional levels are assigned to the pH 
factors in order to arrive at a closer estimate of the optimum conditions for the process. 


Factorial experiments, that is, those 
embracing all possible combinations of 
the process variables, are peculiarly 
suited to the prosecution of a systematic 
approach in laboratory investigations. If 
such experiments have yet to attain wide 
usage among chemical workers, one 
reason must be the excessive advance 
commitment of time and manpower and 
resultant loss of flexibility in scientific 
planning which the execution of an 
elaborate factorial scheme often requires. 
This difficulty may be circumvented by 
employing factorial designs in sequence. 
Thus initially simple factorial experi- 
ments may, as experience accumulates, 
be successively expanded and perhaps 
redirected to form more claborate fac- 
torial plans whose relevance to the 
objectives of the investigation is more 
assured than if the entire program had 
been planned in advance. 

The utility of such sequential factorials 
is illustrated by a study devoted to the 
improvement of a process for removal of 
radioactivity from liquid wastes. The 
process employed iron sulfide as a 
scavenging agent, and the problem was 
to adjust operating conditions in such 
a manner that the major portion of the 
activity became associated with the solid 
phase. The latter, after separation by 
settling, could be disposed of by burial. 


DESCRIPTION OF WASTE AND PROCESS 


To make the results of the study 
applicable to general laboratory wastes 
encountered in practice, a complex waste 
sample was deliberately chosen. Although 
its exact composition was not established, 
it was known to contain a wide variety 
of radioactive species, including both 
alpha and beta emitters; nonradioactive 
inorganic salts; and organic material, 
some of which was visible as suspended 


P. M. Hamilton is at present with Central Re- 
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matter in the liquid. The initial activity 
of the waste, measured as alpha plus beta 
on a 0.5-ml. sample, was 26,453 counts/ 
min. Of this total, 1,850 counts/min. was 
recorded as alpha only. Also, 17,050 
counts/min., or about two thirds of the 
total, was associated with suspended 
matter. 

The process was studied on a laboratory 
scale, separation of the solid being effected 
by filtration. In the first step sulfuric acid 
was added to 250 ml. of the waste solution 
until the pH attained a previously pre- 
scribed value called the initial pH. 
Ferrous chloride solution (100 mg. of 
ferrous iron/ml.) was then added until 
the iron concentration attained a pre- 
scribed value. After addition and solution 
of a prescribed quantity of finely divided 
solid sodium sulfide, acid or base was 
added until the pH attained a certain 
value, called the final pH. After 30 min., 
allowed for settling, the solid was filtered 
off and the filtrate was sampled and 
mounted in duplicate. Each mount was 
counted in duplicate for alpha plus beta. 


CHOICE OF FACTORS AND LEVELS 
FOR INITIAL EXPERIMENTS 


Although prior knowledge was inade- 
quate for precise prediction, it was freely 
utilized as a guide in the choice of 
independent variables, or “factors,” and 
values, or “levels,”’ of these factors for the 
initial experiment. Previous application 
(1) of the process to a different type of 
waste had established the initial pH, J; 
the iron concentration, F; and the final 
pH, A, as important factors affecting the 
extent of decontamination. It was decided 
to devote the initial work to these factors 
with two levels to be assigned to each 
factor. The amount of sulfide reagent was 
held constant at 0.5 g. The earlier work 
(1) had suggested an iron concentration 
of 1 mg./ml., an initial pH of 1, and a 
final pH of 4 as desirable conditions, and 
these levels were adopted as one set of 
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factor values for the present study. As 
the aforementioned level for iron con- 
centration was near the upper economic 
limit, a lower value, 0.5 mg./ml., was 
adopted for the second level of this factor. 
Because of the need for reducing corrosion 
in the metal equipment in which the large- 
scale process would be carried out, 
reduced acidity was desirable. The second 
levels for the initial pH and final pH were 
therefore set at 2 and 6, respectively. 


CHOICE OF EXPERIMENTAL DESIGN 


There was no reason to suppose that 
the efficiency of decontamination was a 
simple additive function of the three 
factors under study. For example, the 
effect of changing the iron content on the 
decontamination might well depend on 
the levels or values assigned to the other 
two factors or independent variables 
included in the study. The complete 
exploration of the causal relations would 
require the observation of the effect of 
each factor under all combinations of 
values of the others, thus consuming a 
large number of tests. 

The use of the larger number of tests 
needed for more complete coverage of 
interrelations among the factors would 
seem to incur a corresponding reduction 
in the number of replicate tests, thus 
decreasing the reliability of the conclu- 
sions drawn from the data. This seemed 
particularly serious in the present case, 
because previous experience had indi- 
cated the presence of considerable un- 
controlled variability in the process. The 
horns of a dilemma thus presented them- 
selves: on the one horn, generality at the 
expense of precision; on the other, pre- 
cision at the expense of generality. 

A solution of this dilemma was supplied 
by R. A. Fisher (2) some twenty-five 
years ago when he proposed the factorial 
design, a plan for simultaneously attain- 
ing both maximum reliability and maxi- 
mum generality, or coverage. This design 
was adopted for the study of the three 
factors under consideration. Such a 
design, by definition, must include all 
possible combinations of the factors at 
their different levels, each combination 
or “treatment” being repeated an equal 
number of times. In the present case, 
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because each of the three factors was 
studied at two levels, there were 2 X 2 X 
2 = 8 possible treatments. The treat- 
ments were run in triplicate, and the 
results of the experiment are represented 
in Table 1. 

The treatment symbols appearing in 
the first column of the table utilize the 
factor symbols with appropriate sub- 
scripts. Subscripts 1 and 2 indicate that 
the lower or higher levels, respectively, 
of the factors were employed in the treat- 
ments. The number representing the 
activity remaining was computed by 
averaging the four results obtained from 
the pair of mounts prepared from each 
filtrate. The activity is reported as alpha 
plus beta in tens of counts per minute 
per 0.5 ml. of filtrate. 


PROBLEM OF ERROR CONTROL 


To most physical scientists the refine- 
ment or stabilization of experimental 
technique is the most obvious method of 
error control. A number of uausual re- 
finements were adopted in the present 
experiment. Thus the pH adjustments 
and the addition of all reagents were 
carried out by the same operator through- 
out the study. Such factors as the rate 
and manner of addition were thus held 
as constant as possible. A second operator 
was responsible for all the filtrations, and 
a third did all the sampling and mounting. 
The total time consumed in pH adjust- 
ments and addition of reagents was held 
constant at 7 min., and all solutions were 
allowed exactly 30 min. for settling. 
Filtrates were sampled and mounted 
immediately after filtration, and mounts 
were counted on the same day that they 
were prepared. 

Error control may also be achieved by 
suitable arrangement of the experimental 
tests and conditions in a manner consist- 
ent with the over-all experimental design. 
The present experiment provides an 
elementary illustration of this type of 
error control. As indicated in Table 1, 
the twenty-four tests were segregated into 
three blocks, each block of eight com- 
prising a complete replication of the 
factorial experiment. These three blocks 
were assigned to the 3 days required to 
complete the experiment. The advantage 
of this arrangement is that any day-to- 
day differences in operating conditions 
will have no influence on the comparisons 
to be drawn from the experiment. Thus 
the effect of the iron factor may be formu- 
lated by subtracting the average of the 
four low-iron tests in the first block from 
the average of the four high-iron tests 
in the same block. This contrast may also 
be formulated for each of the other two 
blocks. The over-all or average iron effect 
is obtained by pooling the three contrasts 
from the three blocks, and this pooled 
contrast, obtained by averaging, is 
obviously independent of any differences 
between blocks, i.e., days. 
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TABLE 1. RESULTS OF THE 23 FacroRIAL EXPERIMENT* 


F, Tron A 


Activity remaining, a + 8 


’ 
concen- Final Initial (tens of counts/min./0.5 ml. of filtrate) 
Treatment tration, pH pH 
symbol mg./ml. Block I Block II Block III Average 
FA, 1 1,065 946 999 1,003 
4 
F\ 2 689 784 875 783 
0.5 
F\ Aol, 244 281 275 267 
6 
Fy, Aol 2 474 387 357 406 
F.AI, 1 1,036 1,028 977 1,014 
4 
FA 2 869 907 893 889 
1.0 
F,Asl, 1 167 236 230 211 
6 
FrAol 2 157 165 173 165 
Average 587 592 597 592 
*The eight treatments were carried out in random order in each block. 
TABLE 2. MAIN EFrects OF THE 23 FactoRIAL EXPERIMENT 
Conditions Effect of iron concentration 
A = Ai, = I, Ai, 1 ,014-1 ,003 = 11 
ly [= I, = 889-782 = 106 
A = A 2) I = i = 2 1-267 ale 56 
A = A 2) I = ole = 165-406 = 241 
Average or main effect = — 45 
Effect of final pH 
F = F,, I = i F, Aol, —F,AiI; ™ 267-1 ,003 = —736 
F = F,, I = TI, = 406-783 = —377 
F Fo, = i, = 211-1 ,014 => —803 
F = Fs, if => F.A Ail = 165-889 724 
Average or main effect — 660 
Effect of initial pH 
F = F, A = A 1 1 I, = 783-1 ,003 220 
F = F,, A = Ay F,AoI.-F, Aol = 406-267 = 139 
F = F., A= A 1 F.Aylo-F2A 1 iF = 889-1 ,0 14 = —125 
Av Ag Aol, = 165-211 = — 46 
Average or main effect = — 63 


Note: Results in tens of counts per minute per 0.5 ml. of filtrate. 


The eight runs within each block were 
not carried out in the systematic order 
shown in Table 1 but in random order, a 
different random order being used for 
each block. Randomization accomplished 
two results. First, it greatly reduced the 
likelihood that bias would be present in 
comparisons drawn to reveal the effect 
of a particular factor. If, for instance, 
some unknown factor increased gradually 
during each day, the decontamination 
would be progressively greater or less 
than it would otherwise have been. If the 
eight treatments had been carried out in 
a systematic order, say all the low-iron 
treatments first followed by the high-iron 
treatments, then the influence of the 
accidental factor would be indistinguish- 
able from the effect of the iron factor. 
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The apparent effect of the latter might 
have been either smaller or larger than 
its real effect. The second result of ran- 
domization is a more valid estimate of the 
experimental error. This estimate must 
be based on the observed discrepancies 
between replicate tests. However, if the 
same order is used for all three blocks, 
then replicate tests are likely to be run 
under more uniform conditions than if 
different random orders are used. The 
result will be to make the measured error 
smaller than the true error present in 
the experiment. Since the significance of 
observed effects will be ascertained by 
comparing them with the measured error, 
the use of this smaller error would cause 
experimental effects to appear more 
significant than they really are. 
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MAIN EFFECTS OF THE EXPERIMENT 


The eight treatment averages shown in 
the last column of Table 1 provide four 
unbiased comparisons for the formulation 
of the effect of each of the three factors. 
These are shown in Table 2. It is evident 
that the effect of each of the three factors 
has been measured under each of the four 
possible sets of conditions defined by the 
levels assigned to the other two factors. 
These four simple effects may be averaged 
to produce a “main effect” of the factor. 
The main effect of a given factor, so 
defined, is obviously equivalent to the 
excess of the average activity remaining 
for the four treatments having the higher 
level of the factor over the average for 
the four with the lower level of the factor. 

The efficiency of the factorial design 
begins to make itself evident. Not only 
has each factor been studied under the 
widest range of conditions, but also, by 
virtue of the symmetry of the design, all 
the data have been utilized in formulating 
the effect of each factor. 

It should be noted that a negative 
effect, if large enough to be significant, 
indicates that there was less activity 
remaining at the higher level of the factor 
and that raising the level was beneficial. 


CALCULATION OF INTERACTIONS 


The extent to which the effect of a 
factor depends on the value assigned to a 
second factor attains simple quantitative 
formulation in the concept of interaction. 
From Table 2, the average effect of 
increasing the final pH when the iron 
concentration was at its higher level was 
803) + (—724)] = —763, and the 
average effect when the iron concentration 
was at its lower level was 14[(—736) + 
(—377)] = —556. The influence of raising 
the iron concentration on the effect of 
the final pH would be given by the 
difference: (—763) — (—556) = —207. 
Actually, it is preferable to take one half 
of this difference as the interaction, 
denoted by FA, as this will identify the 
interaction with the difference between 
the average of four treatments and the 
average of the remaining four and will 
therefore impart to the interaction the 
same precision as the main effects. 
Therefore FA = —207/2 = —103. 

In a three-factor experiment there are 
two additional “first-order” interactions. 
One, denoted by JA, may be formulated 
as the dependence of the final pH effect 
on the initial pH; and the other, denoted 
by FI, as the dependence of the initial 
pH effect on the iron concentration. This 
enumeration exhausts the possible first- 
order interactions, as only one interac- 
tion exists between any two factors; thus 
the effect of the iron concentration on the 
effect of the final pH is identical with 
the effect of the final pH on the effect of 
the iron concentration. 

However, there remains a_ single 
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“second-order” interaction symbolized by 
FAI, which represents the dependence of 
the interaction between any two factors 
on the level assigned to the third factor. 
Thus the interaction between the iron 
concentration factor and the final pH 
factor when the initial pH is held at J; is, 
from Table 1, (—241) + (—106) = 
— 347, and, when J = Jj, is (—56) + 
(—11) = —67. The effect of changing the 
initial pH on the first-order interaction 
might be taken as (—347) — (—67) = 
— 280. Again, to maintain uniformity of 
precision among the main effects and 
interactions, the interaction is taken as 
one fourth of this difference: FAI = 
— 280/4 = —70. 

The symmetry of the design has per- 
mitted utilization of all the data in the 
formulation of each interaction; and so 
the four interactions, like the three main 
effects, have been measured with maxi- 
mum precision. 


EVALUATION OF RESULTS 


The seven effects of the experiment are 
tabulated in the second column of 
Table 3. Again, because of the symmetry 
of the experimental structure and the 
care taken in randomization, a clear-cut 
straightforward statistical procedure is 
available for objectively evaluating the 
results. This procedure, called analysis of 
variance, is discussed in standard texts (3). 
By means of it, the discrepancies among 
triplicate determinations may be made 
to furnish certain critical values for judg- 
ing the significance of an effect. Thus there 
are but 5 chances in 100 that the experi- 
mental error could produce an observed 
effect as large as 46, and 1 chance in 100 
that it could produce one as large as 63. 

Examination of Table 3 shows that the 
outstanding feature of the experiment 
was the marked beneficial effect of in- 
creasing the final pH. This effect far 
exceeded the 1% level of significance. An 
over-all beneficial effect of increasing the 
initial pH is also present, though the 1% 
level was not quite achieved. The effect 
of the iron factor was less pronounced, 
the main effect falling just short of the 
5% significance level. However, the 
beneficial effect of increasing the iron 
content makes a firm appearance in the 
strongly negative FA interaction, indi- 
cating that the beneficial effect of in- 
creasing the final pH was accentuated by 
operating at the higher iron content. The 
significantly negative FAI interaction 
again suggests the beneficial effect of 
simultaneously raising all three factors 
to their higher levels. The statistically 
significant, positive AJ interaction pre- 
sents the only puzzling aspect of the 
experiment and will be discussed later. 

The three block averages, tabulated at 
the bottom of Table 1, differed but little 
from one another, and, in fact, a simple 
extension of the statistical analysis 
showed that the variation among the 
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TaBLE 3. COMPARISON OF THE RESULTS OF 
THE ORIGINAL 23 FaAcTORIAL WITH THOSE 
OF THE EXPANDED 2* FACTORIAL 

Effect 


2? Factorial 2+ Factorial 


PF — 45 
A —660} —677 
I — 62* — 56* 
PA —103+ — 77t 
FI 2 
AI 110+ 40 
FAI — 70+ — % 
s 17 
FS 
AS 17 
IS 
FAS — % 
FIS 
AIS + 70t 
FAIS — 46* 


*Attains 5% significance level, 46. 

tAttains 1% significance level, 63. 

Note: Results in tens of counts per minute per 
0.5 ml. of filtrate. 


TABLE 4. EXPANSION OF 2% FACTORIAL INTO 
A 24 FacToRIAL BY INCLUSION OF THE SUL- 
FIDE Factor (S,; = 0.25 g., Se = 0.50 g.) 


Treatment Count Treatment Count 
F, 892 F, 783 
Fi 298 267 


Fy Aol 197 406 


TS, 973 1,014 
F.A 1S, 933 889 
236 So 211 
180 165 


Note: Activity remaining, « + 8,in tens of counts 
per minute per 0.5 ml. of filtrate. 


three was readily attributable to the same 
experimental error which operated within 
the blocks. Thus nothing was gained, so 
far as the consistency of the seven 
factorial effects was concerned, by carry- 
ing out the experiment in three random- 
ized blocks instead of a single completely 
randomized block of twenty-four tests. 
However, the auxiliary information that 
laboratory technique and operating con- 
ditions had been sufficiently uniform 
to eliminate day-to-day variability was 
extremely useful and, in fact, was immedi- 
ately utilized in laying out the succeeding 
experiment. 


EXPANSION OF THE 2° FACTORIAL BY 
ADDITION OF THE SULFIDE FACTOR 


The initial 2% factorial experiment, just 
described, pointed rather firmly to the 
desirability of further increases in both 
initial and final pH, while the iron content 
is maintained at the higher concentration. 
Before the investigation was extended in 
this direction, however, it was deemed 
desirable to check the influence of varia- 
tions in the sulfide factor, which had been 
held constant at 0.5 g. of reagent in the 
initial experiment. Previous experience 
with this factor had indicated that quan- 
tities of sulfide in excess of 0.5 g. tended 
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67 
106 
14 
89 
11 
65 
— 


to give colloidal solutions which passed 
through the filter and hence retained 
considerable activity. In fact, some 
difficulty was experienced in the 2° 
factorial with colloid formation. There- 
fore the new level of the sulfide factor was 
set at a lower value, 0.25 g. 

The device adopted for incorporating 
the sulfide factor into the investigation 
might be called the principle of expanded 
factorials. If, in adding the new factor, 
one wishes to reap the full advantages of 
factorial design, he will need to include 
in the over-all plan all2 K 2X 2X 2= 
16 treatments. However, eight of these, 
for which the sulfide was at its higher 
level, have already been included in the 
original factorial. To complete the new 
2 factorial, it will suffice to carry out 
eight new treatments. These will be 
identical with the original eight treat- 
ments in respect to combinations of 
levels for iron concentration, initial pH, 
and final pH but will utilize 0.25 g. of 
sulfide in place of 0.5 g. 

Although the eight additional treat- 
ments were carried out in random order, 
complete randomization of the sixteen 
was impossible. However, this does not 
mean that the comparison between the 
average of the original eight treatments, 
all having the higher quantity of sulfide, 
and the average of the new block of 
eight, all having the lower quantity of 
sulfide, is a biased comparison unsuitable 
for measuring the main effect of the 
sulfide factor. For, except for amount of 
sulfide used, the new block of eight 
treatments was carried out under the 
same conditions as prevailed during the 
earlier experiment, and, as significant day- 
to-day variations were absent from the 
earlier experiments, they were presumably 
likewise missing from the later experi- 
ments. Therefore, the raising or lowering 
of the apparent main effect of the sulfide 
factor by interblock differences is highly 
unlikely. 

The results of the additional eight 
treatments, along with the average 
results for the original eight, are listed in 
systematic order in Table 4. The sym- 
bolism has been expanded to take care 
of the new factor, the symbol S denoting 
the sulfide factor, and S, and S, its lower 
and higher levels, respectively. 

The widened base of the 2‘ factorial 
affords answers to a greater variety of 
questions than was provided by the 
original experiment. These new effects are 
the main effect of the sulfide factor; the 
interactions of this factor with each of the 
other three, FS, AS, IS; the interactions 
of the sulfide factor with the others, taken 
two at a time, FAS, FIS, AIS; and the 
single third-order interaction, FAIS. In 
addition, the seven effects of the original 
2 factorial may also be reformulated to 
provide confirmatory information on their 
magnitude and significance. 

The mechanics of computation is 
strictly analogous to that used in the 28 
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factorial. Thus, to formulate the main 
effect of any factor, the average activity 
remaining for the eight treatments with 
the low level of the factor is subtracted 
from the average value for the eight with 
the high level of the factor. The inter- 
actions are likewise formulated in a 
manner similar to that employed in the 
simpler case. As was the case in the 
original factorial, each effect will be 
based on all the data and will be formed 
by subtracting from the average of eight 
of the treatment results the average of the 
remaining eight. The table of signs (3), 
presented as Table 5, shows how the data 
must be grouped in order to compute the 
fifteen different effects. 

As previously noted, any over-all 
difference between the conditions pre- 
vailing for the first eight treatments and 
those for the last eight treatments, though 
unlikely to exist, would vitiate the evalua- 
tion of the main effect of the sulfide 
factor. However, from Table 5 it is 
evident that ‘such interblock differences 
could have no influence on the remaining 
fourteen effects of the 24 factorial. For in 
each of the fourteen cases the expression 
for the effect may be written as the sum 
of two groups of contrasts, one group 
involving only high-sulfide treatments, 
the other involving only low-sulfide 
treatments. In formal language the main 
effect of the sulfide factor has been 
“confounded” with blocks, leaving all 
other effects free from interblock differ- 
ences. 

The fifteen effects of the 2‘ factorial 
are listed in the last column of Table 3. 


The values obtained from the expanded 
experiment are based on twice as many 
comparisons as was the case with the 2° 
factorial, although this advantage is 
partly balanced by the circumstance that 
the eight treatments required for the 
expansion were not replicated. Since the 
error prevailing among the last eight 
treatments was not measured, no rigorous 
calculation of significance levels for the 
expanded factorial experiment is possible. 
Asa first approximation, they are assumed 
to have the same values as in the first 
experiment. 

Consider the question of agreement 
between the original 2% factorial and the 
expanded 2‘ factorial, as measured by 
the values obtained for the seven effects 
not involving the sulfide factor. As far 
as the first five effects listed in Table 3 
are concerned, agreement was good. The 
effects attaining statistical significance 
were the same in both experiments, and, 
furthermore, the level of significance 
attained was the same. Discrepancies 
appeared, however, in the AI and FAI 
interactions. The AJ interaction, which 
was significantly positive in the first 
experiment, now falls short of significance, 
and the FAI interaction, though still 
negative, is no longer large enough to 
claim reality. 

Turning to the main object of the 
expanded experiment, the evaluation of 
effects involving the sulfide factor, it 
appears that neither the main effect of 
sulfide nor its simple interactions with 
the other three factors are significant. 
In the absence of any simple effects 


Tass 5. TABLE OF SIGNS FOR CALCULATION OF Errects oF 2! FACTORIAL 


Effect 
F A I S FA FI AI FS AS IS FAI FAS FIS AIS FAIS 
Treatment 
FANS + + - - +---- + = $+ + 
- + - +--+ 4+ + + + | 
FAIS, ++ - -- +4 + + 
+ + + + ++ + = = 
++ ++ + + + == 
PRAMS - + +-+--+- + + = + 
PANS + + - + +--+ + + = = 
- + + + + + = 4+ 
+ + + - + - - + = 
FADS + + + + + ++ 4+ 4+ 4+ + + + «+ 
TABLE 6. RESULTS OF THE 2 X 3 X 3 FacTORIAL 
F =P, F =F, 
A=A, duh Anh, Aud 
i=, 1,003* 267* 340 1,014* 211* 187 
I=], 783* 406* 557 889* 165* 141 
IT=I1; _ 499 726 1,115 555 153 113 
*Taken from the original 2% experiment. 
Note: Activity remaining in tens of counts per minute per 0.5 ml. of filtrate. 
Tron concentration: Fi = 0.5, F2 = 1.0 
Final pH: Ai = 4, As = 6, As = 8 
Initial pH: 1; = 1, J2 = 2,13 = 4 
A.1.Ch.E. Journal June, 1956 
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involving this factor, little weight can be 
assigned to the formally significant AIS 
and FAIS interactions. 

The failure of the change in sulfide 
concentration to affect the results con- 
stitutes useful information. From the 
standpoint of economics it means that 
the quantity of sulfide may be halved 
without deleterious effect. From the 
standpoint of operational control, it 
means that the amount of sulfide might 
be allowed to vary within wide limits 
without decreasing the efficiency of the 
process. 

The advantages of exploring the sulfide 
factor by expansion of the original fac- 
torial, rather than by an independent 
study, are now apparent; first, the sulfide 
factor, as well as its interactions with 
the first three factors, has been evaluated 
with maximum precision; second, the 
main effects and interactions of the 
original experiment have been further 
checked by utilization of the larger 
number of comparisons afforded by the 
expanded design. 


EXPANSION OF THE 2° FACTORIAL BY 
ADDITION OF NEW LEVELS 


Any factorial experiment may be 
expanded in two ways: by addition of 
new factors or by increase in the number 


of levels of the original factors. The first 
device having been utilized to explore the 
sulfide factor, the second was adopted to 
check the influence of further increases 
in the initial and final pH. The new pH 
levels were chosen as A; = 8 for the final 
pH and J; = 4 for the initial pH. The 
iron factor was retained at its original 
levels. The sulfide factor, which had given 
only negative results, was eliminated by 
being held constant at the original level 
of 0.5 g. The expanded factorial was thus 
a three-factor experiment, with the iron 
factor at two levels and each pH factor 
at three levels. There were 2 X 3 X 3 = 
18 treatment combinations required, of 
which eight were included in the original 
28 factorial. The ten additional treat- 
ments were carried out in random order. 

The outstanding conclusions of the 
experiment are revealed in a general way 
in Table 6, in which the results of the 
eighteen treatment combinations are 
tabulated in a systematic fashion. The 
table draws attention to a marked im- 
provement in decontamination attribut- 
able to elevating the iron content and 
also to consistently better results with 
increasing initial and final pH provided 
the iron is held at the higher level. 

The results may be examined more 
rigorously by computing the effect of 
each factor for each combination of levels 


TABLE 7. SIMPLE AND MAIN Errects or THE 2 X 3 X 3 FactorIAL EXPERIMENT 


(a) Effect of Iron Concentration (Fz — F;) 


A => Ay A = As A = A; Avg. 
I=], 11 — 56 — 153 — 66 
Pa I, 107 —241 — 417 —184 
IT=12; 56 —573 — 1002 — 506 
Average 58 —290 — 524 —252 
(b) Effect of Final pH 
F = F, P= F, Avg., F, and 
Ao A; A3 — As Az Ay Az Ag As = A, A3 Ag 
—737 —803 —24 —770 25 
I =f, —377 151 —725 —24 —551 63 
I=. 228 389 —402 —40 — 87 174 
Average —295 204 — 643 —29 —469 87 
(c) Effect of Initial pH 
F=F, F=F, Avg., F, and F, 
I, - I, I3 — I I, — I; I; I, - I3 — Ig 
A= 4A, —220 —284 —124 —335 —172 —309 
A= A, 139 320 — 46 — 12 47 154 
A= A; 218 558 — 46 — 28 86 265 
Average 46 198 — 72 —125 — 13 37 
Note: Results in tens of counts per minute per 0.5-ml. of filtrate. 
TaBLeE 8. RESULTS OF THE 4 X 4 FacToRIAL EXPERIMENT 
A; = 4 As = 6 A3 = 8 Ag = 10 
I, =1 1,014 211 187 163 
I, = 2 889 165 141 114 
I; = 4 555 153 113 62 
I, = 6 567 155 113 44 


Note: Activity remaining in tens of counts per minute per 0.5 ml. of filtrate. 
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of the remaining two factors. This has 
been done in Table 7 (a), (6), and (c) for 
the iron concentration factor, the final 
pH, and the initial pH, respectively. As 
the new treatments were not replicated, 
no error term is available for rigorous 
significance tests. However, because of 
the additional levels included, the con- 
sistency of trends is available as a criterion 
of significance. The maximum efficiency 
characteristic of the factorial plan again is 
evident: each of the three tables utilizes all 
the data. Because of the presence of 
pronounced interactions and the increas- 
ing concentration on specific results as 
optimum conditions are approached, the 
main or over-all effects are of only limited 
interest. 

The effect of raising the iron concentra- 
tion is given in Table 7 (a) for each of the 
nine different combinations of initial and 
final pH included in the expanded experi- 
ment. The table affords ample evidence 
of the FA interaction: for every I value, 
the iron effect becomes progressively more 
beneficial with increasing final pH. Also 
an FT interaction exists at the two higher 
levels of final pH, the effect of the iron 
factor becoming more beneficial with 
increasing initial pH. 

The effect of a three-level factor 
requires two comparisons for its expres- 
sion. Thus the effect of the final pH may 
be expressed as the differences — 
and A; — In Table 7 (6) each of these 
differences is tabulated for the six iron- 
concentration—initial-pH combinations in- 
cluded in the experiment. The FA inter- 
action is again apparent: the beneficial 
effect of increasing the final pH is in- 
variably greater at the higher iron level. 

The effect of the initial pH, again 
expressed as two comparisons, is tabu- 
lated for each of the six iron-concentra- 
tion-final-pH combinations in Table 7 (c). 
The FI interaction is exemplified by the 
circumstance that increasing the initial 
pH is consistently beneficial only at the 
higher iron level. 

The positive AI interaction, suggested 
by the earlier experiments, is again 
present. Thus from Table 7 (6) the 
beneficial effect of increasing the final 
pH becomes less pronounced with in- 
creasing initial pH. Conversely, from 
Table 7 (c), the beneficial effect of 
inereasing the initial pH drops off with 
increasing final pH. The positive inter- 
action seems to be associated with the 
circumstance that with increasing final 
(initial) pH the limiting performance of 
the process is approached and therefore 
progressively smaller initial (final) pH 
effects are encountered. It is nonetheless 
clear from Table 6 that it is desirable to 
increase both pH factors together to 
attain the best decontamination. 


THE 4 X 4 FACTORIAL 


The results of the 2 X 3 X 3 experiment 
indicated that still further increases in 


Page 239 


nitial and final pH might give greater 
decontamination. Accordingly, one addi- 
tional level was assigned to each of the 
pH factors, namely, Ay = 10 and J, = 6. 
The iron concentration factor was elimi- 
nated by holding it constant at the higher 
level. 

A factorial experiment, devoted to the 
two pH factors, each at four levels, 
required 4 X 4 = 16 treatments, seven 
of which are new. All sixteen results are 
tabulated in Table 8. The expected 
improvement, from increasing the final 
pH to 10, is confirmed for all three initial 
pH levels. The advantage of increasing 
the initial pH to 6 is slight and appears 
only at the highest final pH. 


CONCLUSIONS 


The decontamination obtained with an 
initial pH of 6 and a final pH of 10, when 
an iron concentration of 1 mg./ml. and 


0.5 g. of sulfide were used, was the best 
result observed in the study. Judging from 
results at the lower pH levels, halving of 
the amount of sulfide used has no influ- 
ence on the results. The possibility of 
further improving the process with still 
higher values of the pH did not appear 
attractive because of the smallness of 
any anticipated effect and the increasing 
cost entailed by additional chemical 
treatment. 

The value of using a sequence of pro- 
gressively expanding and contracting 
factorial designs in a study devoted to the 
establishment of optimum operating con- 
ditions has been clearly demonstrated. 
Such a procedure generates a series of 
coherent conclusions characterized by 
maximum reliability and _ generality. 
While the goal of optimum conditions is 
attained in a highly efficient manner, the 
functional dependence of the dependent 
variable on those conditions is thoroughly 
explored. 
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A System for Counting Variables in 
Separation Processes 


In the proposed system for counting variables in separation processes the processes are 
resolved into their simpler component classes, e.g., theoretical plates, heat exchangers, 
reboilers, distillation columns, etc., and a distinction is made between those variables 
which are inherent in the systems and those which may be specified for design. Results 
are presented for the most commonly occurring component classes, and all possible process 
relations existing among these classes are expressed by a set of generalized equations 
[(16) to (19)]. The procedure of counting variables is therefore reduced to composition from 
variables for the component classes by use of the generalized equations. 


In the design of processes for physical 
separation of components by mechanisms 
involving mass and heat transfer, the 
first step usually consists of specification 
of process conditions or independent 
variables. When the sufficient and neces- 
sary independent variables are fixed, 
the system is determined and other 
variables may be found by design com- 
putations. Normally the variables of a 
system are interrelated in such a way 
that only a few of them could be expressed 
as explicit functions of the others; the 
remaining ones have to be determined by 
lengthy calculations. 

An example is the design of a distilla- 
tion column separating a binary mixture 
of benzene and toluene. The column is 
to be designed to have one intermediate 
feed, a partial reboiler with a liquid- 
bottoms-product stream, and a total 
condenser with a liquid-distillate-product 
stream, and it will operate at atmospheric 


Tabular material has been deposited as document 
4807 with the American Documentation Institute, 
Photoduplication Service, Library of Congress, Wash- 
ington 25, D. C., and may be obtained for $5.00 for 
photoprints or $2.25 for 35-mm. microfilm. 
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pressure. It is possible to specify for this 
column the concentration of either 
benzene or toluene in either the distillate 
or the bottoms stream, the recovery of 
either component in either stream, and 
the refiux ratio, viz., three independent 
variables. Then the number of theoretical 
plates both above and below the feed 
could be found by the familiar McCabe- 
Thiele diagram, thus determining two 
implicit dependent variables. A formal 
analysis shows, however, that for the 
column there exist four independent 
variables that could be specified. The 
fourth variable, not stated above, is 
implicit in the McCabe-Thiele method, 
that is, optimum location of the feed 
plate; the stepwise procedure is to be 
transferred from one operating line to 
the other in the vicinity of the inter- 
section of the lines in order to secure a 
minimum total number of plates. 
Another example is a so-called ‘“‘double- 
distillation column” separating the ter- 
nary mixture, air—N:2, A, and O.—with 
vapor air feed to the high-pressure column 
and a nitrogen-rich vapor distillate stream 


A.1.Ch.E. Journal 


MOOSON KWAUK 


Hydrocarbon Research, Inc., New York, New York 


and an oxygen-rich vapor bottoms stream 
from the low-pressure column. In this 
case the number of independent variables 
that could be specified is not at all 
apparent. However, without a knowledge 
of the exact number of independent 
variables it is difficult, if not impossible, 
to proceed with a design problem in a 
systematic way. Often experience helps 
in setting trial values of certain variables 
very close to the correct answer, without 
the need of actually differentiating the 
implicit from the independent variables. 
With recent increase in use of electronic 
computers for design studies, however, it 
is desirable to know at the outset of a 
problem the correct number of independ- 
ent variables as process conditions and 
to feed into the machine neither more 
nor less than those variables that can 
be specified, thus letting the machine 
perform the trial-and-error loops in 
finding the correct values of the de- 
pendent variables. In such a situation 
experience could hardly substitute for 
correct logic. 


PRINCIPLES OF THE METHOD OF ANALYSIS 


The difficulty of finding the correct 
number of independent variables was 
recognized by Gilliland and Reed (2), 
who proposed a method of attack by use 
of the phase rule and the first law of 
thermodynamics. Other discussions on 
the subject can be found in the literature 
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(1, 3). As will be shown below, the phase 
rule contributes toward accounting for 
all variables, N,, ina system, and the 
first law toward accounting for all 
possible conditions, N,., inherent and 
necessary in the system. The difference 
between the possible variables and the 
possible conditions represents the inde- 
pendent variables, N;. Thus 


N,=N, —N, (1) 


The possible variables of a system, N,, 
could be enumerated as follows: 


1. The phase rule gives the degree of free- 
dom of any single-stage system in which 
there exists either one phase or two or more 
phases in equilibrium: 


N=C4+2-¢6 (2) 


These degrees of freedom represent the so- 
called “intensive” variables such as concen- 
tration, temperature, pressure, entropy, and 
other-thermodynamic properties determined 
by the state and independent of the quan- 
tities of the components present. For a flow 
system, however, there is associated with 
any stream an additional extensive variable 
—its rate of flow—which is not determined 
by the state and is therefore not dealt with 
by the phase rule itself. Therefore, for a 
one-phase system there are C + 1 intensive 
variables, 1 extensive variable, or C + 2 
total variables. For a two-phase system, 
where the flow rates of both phases could be 
set independently, there are C intensive 
variables, 2 extensive variables, and C + 2 
total variables. 

2. For any system, considered as a whole, 
or any part thereof, there remains, in addi- 
tion to the foregoing variables, the degree of 
freedom of choosing the amount, or rate, of 
energy exchanged between the system and 
its surroundings. 

In a strict sense the method is applicable 
to systems in equilibrium, inasmuch as the 
basis of the phase rule is equilibrium. There- 
fore the analysis will be rigorously correct 
for separation processes reducible to a stage- 
wise nature. Differential types of operation 
should be viewed as consisting of an infinite 
number of stages each of which approaches 
some presupposed percentage of equilibrium. 


The conditions inherent and necessary in 
a system, NV, are enumerated as follows: 


1. A system has to be in material and 
energy balance. The first law of thermo- 
dynamics states that the total amount of 
energy entering any system must be exactly 
equal to that leaving plus any accumulation 
of energy within the system. For flow proc- 
esses in which changes in kinetic energy, 
potential energy, and work done are negligi- 
ble, the first law is simplified to straightfor- 
ward enthalpy, or heat, balance. Normally 
heat balance determines one condition in 
any system, and as many conditions are 
fixed by material balances as there are 
components in the system. 

2. Additional conditions inherent in a 
system are found in equality of variables of 
certain streams, such as those joining differ- 
ent parts of a composite system. 


For ordinary operations certain of the 
variables are often set by design, such 
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“but also 


as the composition and flow rate of the 
feeds, the pressure on each plate of a 
distillation column, and the heat leak to 
or from each plate. Thus for any system 
the number of these normaliy fixed 
variables is 


N,=Nr+N,.+Ne (3) 


The difference between the independent 
variables, N;, and thosejnormally fixed, 
N,, stands for the independent variables 
available, N, for process specifications: 


N.=N;-N, (4) 
=N,-—N.-—N, (5) 


The available independent variables, N,, 
are the principal ones of interest in the 
solution of design problems, and the 
present method is devoted mainly to 
their enumeration. 


A SYSTEMATIC APPROACH 


The basic principles set forth above 
are relatively simple, and in theory the 
desired number of variables could always 
be obtained by starting from these funda- 
mentals. In practice, it will be found 
that such a procedure is not only tedious 
sometimes confusing. One 
frequent difficulty in applying the fore- 
going principles lies in the recognition of 
variables and conditions so that none is 
overlooked or counted twice. As an 
example, from the use of the McCabe- 
Thiele method of designing distillation 
columns one is likely to reach the erro- 
neous conclusion that only three indepen- 
dent variables exist in a distillation column 
with an intermediate feed. As indicated, 
the correct number is four. As a further 
example the heat input to and heat leak 
from a reboiler may be considered. The 
question arises of whether they are two 
independent variables or just one. Some- 
times it is not easy to see whether certain 
conditions should be classed as inherent 
in a system or as normally fixed in design. 
For instance, when a stream is divided 
the operation is adiabatic. The fact of no 
heat exchange between the system and 
its surrounding would appear either as 
an inherent condition of the system or as 
a normally fixed variable representing 
zero heat leak. 

The present paper presents a self- 
consistent system of classifying and 
accounting variables and conditions, de- 
signed to avoid the errors and dilemmas 
described above. The results of this study 
are tabulated and summarized so that 
any complex system may be analyzed 
with a minimum of time without resorting 
to first principles. 


PROPOSED METHOD 


In the present method the component 
parts of a separation process or a system 
of operations are classified as elements, 
complex elements, units, and complex 
units, in the order of increasing complex- 
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ity. The classification is somewhat 
arbitrary and is made for convenience’ 
sake. An element is a single-stage equip- 
ment, such as a flash drum, a total 
condenser, a theoretical plate, etc. A 
complex element is an element with 
certain minor additional features, such 
as a total condenser with reflux—that is, 
a total condenser from which the con- 
densate is divided into a distillate stream 
and a reflux stream. Another example of 
a complex element is a repetition of 
theoretical plates in series so as to form 
a multiplate contactor, a particular case 
of which is found in an absorber. A com- 
bination of elements or complex elements 
gives rise to a unit, such as a stripping 
column, which is a multiplate contactor 
combined with a reboiler. When units, 
complex elemenis, or elements are con- 
nected, they form complex units, such as 
a petroleum fractionator with strippers 
attached to side drawoff streams. It can 
be seen that a more complex, or major, 
class (such as a stripping column) is 
composed of less complex, or minor, 
classes (theoretical plates and reboiler of 
the stripping column). 

The problem of enumerating variables 
and conditions is therefore reduced to 
the following two stages: 


1. Enumeration of variables and condi- 
ditions of the simplest class, the element, 
by direct application of the principles 
adopted. 

2. Establishment of relations among the 
various classes so that the major classes 
might be analyzed by applying the results 
obtained for the minor classes without re- 
sort to the first principles. 


Throughout this study the normally 
fixed variables for any system will be 
limited to the composition and flow rate 
of the feed,* the pressure of the system, 
and heat exchanged between the system 
and its surroundings. This selection of 
fixed variables is arbitrary, but the logic 
of the method is hardly affected by any 
other selection. 


Elements 


For the first stage of the problem, a 
start will be made with the element. The 
number, N, representing variables or 
conditions, will be assigned a superscript 
to designate one of the four classes listed 
above and a subscript denoting the nature 
of the variable or condition. For example, 
N,¢ denotes the number of independent 
variables for an element. Equations (1), 
(4), and (5) could be written for any 
element as follows: 


N. = N;* (7) 


*Exceptions will be found in which the flow rate of 
a feed is not normally fixed. For instance, the flow 
rate of the strippant in a stripper is usually considered 
a variable available for process specification. In this 
case one more variable will therefore have to be added 
to the number resulting from the present analysis. 


A.1.Ch.E. Journal 


An example of an element is the case 
of a theoretical plate, P. Two single- 
phase streams containing C components 
each are fed to the plate in the form of 
liquid from the plate above and vapor 
from the plate below. The total number 
of variables of these two streams is 
2(C + 2). Leaving the plate are two 
streams in equilibrium, vapor to the 
plate above and liquid to the plate below. 
These two streams in equilibrium are 
counted as a two-phase system repre- 
senting C + 2 variables. Another variable 
is found in any heat exchange with the 
surroundings. Therefore the total number 
of variables is 


N, =2C+2)+(C+2+1 
3C +7 


The inherent conditions are material: 
balances for the C components and one 
heat balance of all the streams entering 
and leaving the plate: 


N,=C+1 


Therefore according to Equation (6) 
= (8C +7) —(C+D 
2C + 6 


The usually fixed variables are the 
compositions and flow rates of the two 
feeds, 2(C + 2), and the pressure on 
plate, 1, and the heat exchange (heat leak) 
with the surrounding, 1, or 


=2C+2)+1+1 
= +6 
Therefore 
N.° = (2C + 6) — QC + 6) 


=0 


A little reflection will show that a con- 
stant-pressure theoretical plate with fixed 
vapor and liquid feeds and fixed heat leak 
is a nonvariant system. 

Table 1f repeats the foregoing analysis 
for a number of representative elements, 
viz., mixer, separator, divider, condenser 
or reboiler, total condenser with two- 
phase product, and pump, heater, or 
cooler, all of which are illustrated sche- 
matically in Figure 1. Each element is 
assigned a symbol, such as P for the 
theoretical plate, and is described in a 
sketch in Figure 1. In what follows it will 
be seen that the results set forth in 
Table 1 may be used directly in deriving. 
variables of more complex classes without 
need to refer to first principles. 


Complex Elements 


A complex element is essentially a 
modified element, the modification usu- 
ally being the addition or division of a 


+See footnote on page 240. 
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Complex element 
Symbol 


Variables 


Description Number 


No. of 
streams  Linter- 
M 
No. of ‘i 
elements | P 
\CorR 
No. of plates 
2C+6 
C+m+1 
N,F |P 20 +6 
iC or R C+3 
a 1 
Total 
N= = Interstreams C+2 
= N,F 
C+2 
(M 2 
| 0 
N,F | |P 2 
\CorR 1 
Total 


Example of 


stream. For a complex element, Equa- 
tions (1), (4), and (5) can be written as 
follows: 


NF 


NE (9) 
(10) 
(11) 


Since a complex element is made up 
of a combination of elements, the follow- 
ing relation between the complex element 
and its component elements holds: 

N,* = Ni +N. (12) 
This equation states that the total number 
of variables of a complex element is 
equal to the sum of the independent 
variables of the component elements, 
plus V,, which stands for the freedom of 
choice of the number of times which any 
component element could be repeated. 
The variable, V,, is not equal to the 
number of such repetitions but represents 
the single degree of freedom with which 
the number of such repetitions could be 
chosen. By means of Equation (12), the 
inherent conditions in the component 
elements which are already covered in 
> N,¢ will not be counted again as condi- 


> 
by 

| 
= 

4 
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TABLE 2. ComPpLEX ELEMENTS 


Side drawoff 


Feed plate plate 
P; Py 
3 2 
1 1 
1 0 
0 1 
0 0 
1 1 
— C+3 
2C0+6 
0 0 
4C0+12 38C+9 
C+2 C+2 
3C+10 2C+7 
3(C+2) 2(C' +2) 
9 
0 
2 2 
3C+10 2C+6 
0 
Flow rate 
of side 
drawoff 


tions specific to the complex element. This 
illustrates a rule of counting variables 
devised to avoid redundancy. It will be 
referred to as the rule of coverage, which 
will be used repeatedly in this study. 

The conditions inherent and necessary 
in the complex element are limited to 
those streams interconnecting the com- 
ponent elements. These streams will be 
referred to as interstreams. When two 
elements are connected by an _inter- 
stream, the stream leaving one element 
and the stream entering the other, which 
are considered as two _ independent 
streams when the elements are treated 
separately, necessarily possess the same 
intensive and extensive variables. Such 
equality in the intensive and extensive 
variables constitutes the inherent and 
necessary conditions of an interstream. 
If an interstream is single phase, these 
conditions stand for C + 2 variables. 

In counting the normally fixed vari- 
ables for a complex element, the following 
relation is adopted: 


N.” = Ne” + (Nz — Ne‘) (18) 


This equation divides the normally fixed 
variables into two groups, those pertain- 
ing to the feed, Ny, and those belonging 
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Multiplate Total condenser or 
contactor reboiler with reflux 
or he, 
2 1 
2(n — 1) 
0 0 
0 1 
n 0 
0 1 
n 
C+3 
n(2C +6) — 
C+3 
1 
2nC+6n+1 2C0+6 
2(n—1)(C+2) C+2 
2n+2C+5 C+4 
2(C +2) C+2 
0 
2n 
2n+2C +4 C+3 
1 


Reflux ratio 


or Q 


Number of 
plates or concen- 
tration of any 
component in 
either of two 
product streams. 


to pressure and heat leak, Nz; — Nr. 
Since a complex element and its compo- 
nent element will often have common 
feeds, the foregoing division is designed 
to avoid redundancy in enumeration. 
This measure is arbitrary, but as long as 
it is followed consistently the present 
system of counting variables will maintain 
its validity. 

Substitution of Equations (12) and (13) 
in Equations (9) and (11) yields 


— — Nr‘) (15) 


As an example of a complex element 
one may consider a multiplate contactor, 
of which a gas absorber is a particular 
case. (See Table 2*.) With the number of 
plates equal to n, from Table 1, for a 
theoretical plate, V;e = 2C + 6. For n 
theoretical plates the number of variables 
is n(2C + 6). Since the number of plates, 
n, could be specified by design, the 
specification of n represents one addi- 
tional independent variable, or VN, = 1. 


*See footnote on page 240. 
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Complex units. 


Fig. 4. 


Therefore 
N,” =n2C +6) +1 


Every two adjacent plates are connected 
by two interstreams, each representing 
C + 2 conditions, or VN, = C + 2 per 
interstream. As there are 2(n — 1) inter- 
streams for the n theoretical plates, there 
are 2(n — 1)(C + 2) inherent conditions 
associated with these interstreams, or 


N.” = 2(n — 1)(C + 2) 
n(2C + 6) +1 

— 2m — 1)(C + 2) 
= 20 +2n+5 


E 


The conditions normally fixed for each 
theoretical plate are its pressure, 1, and 
heat leak, 1 (see Table 1 and Figure 2) or 
2 per plate. Therefore for n plates 


> — Ne’) = 2n 


The variables set by specifying the two 
feed streams to the multiplate contactor 
are 


Nr” = AC + 2) 


Therefore 

= 2C + 2) +2n 
and 

N.” = [2C + 2n+ 5] 


— [2(C + 2) + = 1 


One way of interpreting this single 
available independent variable, V,7 = 1, 
is that for two given feeds the two product 
streams are entirely determined if the 
number of plates of an absorber is 
specified. - 

Table 2 repeats the foregoing analysis 
for representative complex elements, viz., 
feed plate, side-drawoff plate, multiplate 
contactor, and total condenser or reboiler 
with reflux. These complex elements are 
shown in Figure 2. 


Units and Complex Units 


In a similar manner, it can be shown 
that the following relations hold between 
major and minor classes: 


N= DN +N. (16) 
N,’ N; + Na (17) 
= Nr’ + (N.— Nr) (18) 


minor 


NN, +N. — No = 


minor 


> (19) 


minor 
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where the superscript y, stands for any 
major class and for the appropriate 
summation of all classes minor to y. 

Figures 3 and 4 illustrate representative 
units and complex units respectively. The 
results of analysis of Figures 1 to 4 are 
summarized in Table 3* in a form con- 
venient for carrying out the variable- 
counting procedure. Table 3 includes the 
more important components of separation 
processes frequently encountered in chem- 
ical plant design. 


Examples 


The application of the preceding gen- 
eral relations will be illustrated with two 
examples, one for a unit and one for a 
complex unit. 

An example of a unit is a conventional 
distillation column, 6, consisting of an 
intermediate feed, a total condenser with 
reflux and liquid distillate product (or a 
partial condenser with vapor distillate 
product), and a total reboiler with vapor 
bottoms product (or a partial reboiler 
with liquid bottoms product). Such a 
column is shown as the sixth case, 6, in 
Figure 3. 

Before the appropriate equations are 
applied to an analysis of the preceding 
case, it is desirable to define precisely the 
minor classes of which the system consists, 
the interstreams among these minor 
classes, and the streams entering and 
leaving the system as a whole. The 
present system could be broken into the 
following minor classes: 


one feed plate, P; 

two multiplate contactors, P, 

one partial condenser, C,, or one total 
condenser with reflux, C, 

one partial reboiler, R,, or one total 
reboiler with reflux, R, 


Reference to the sketch of this system 
shown in Figure 3 indicates one feed and 
eight interstreams. 

Therefore according to Equation (16) 
the total number of variables is as follows: 
(See results given in Table 1.) 


one feed plate, P;: 3C + 10 

two multiplate contactors, P,: 2(m: + me) 
+ 2(2C + 5) 

one condenser, C’, or C,: C + 4 

one reboiler, R, or R,: C + 4 

N.: 0 (since no component class is 
repeated) 

Therefore = + nz) + 9C + 28 


The only conditions inherent in com- 
bining the foregoing minor classes are 
those offered by the eight interstreams, cr 


= &(C + 2) 
Therefore the total number of inde- 


pendent variables is, according to Equa- 
tion (17), 


*See footnote on page 240. 
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= [2(n, + No) + 9C + 28] 
— 8(C + 2) = 2(n, +n.) + C+ 12 


The normally fixed variables of the 
minor classes, except feed, are as follows: 


(See Table 2.) 


one feed plate, P,: 4 

two multiplate contactors, P,: 2(mi + nz) 
one condenser, C, or C,: 1 

one reboiler, &, or R,: 1 


(Nz — Nr) = 2(n. + m2) + 6 


minor 


The normally fixed variables for the unit 
are, according to Equation (18), greater 
than the preceding by those variables 
represented by the feed into the unit, or 
C + 2. Therefore 


N,” = (C + 2) + [2(m, + n.) + 6] 
= 2m +m) +C+4+8 


And, according to Equation (19), _ 
N,” = + + C + 12] 
— [2(n, + n.) + C + 8] 
= 4 


This number of 4 was discussed in the 
introduction, and the independent vari- 
ables often chosen to give this number will 
not be repeated here. One fact which is 
of interest is that the number of normally 
available independent variables, NV,“ = 4, 
is not affected by the number of compo- 
nents, C, which the unit involves. This 
fact would be found true for the even 
more complex combinations of the 
various classes, as may be seen in Table 3. 
As a second example illustrating the 
application of the general relations given 
by Equations (16), (17), (18), and (19), 
one may consider a case of the complex 
unit—an absorption-desorption cycle op- 
erating at two pressures and two temper- 
atures. Such an operation is exemplified in 
the purification of gases by removal of 
its carbon dioxide content with an ethan- 
olamine solution. The carbon dioxide is 
absorbed by the ethanolamine solution in 
an absorber at a lower temperature and 
higher pressure. The dissolved carbon 
dioxide in the ethanolamine solution is 
removed in a stripper by steam at a 
higher temperature and lower pressure. 
Interconnecting the absorber and stripper 
are heat exchangers for cooling and warm- 
ing the liquid streams and a circulating 
pump. This cycle is given as the last case 
of the complex units in Figure 4. The cycle 
could be broken into the following minor 
classes: 
one cooler, one heater, and one pump: J 
one heat exchanger: H 
two multiplate contactors with no side 
feeds and side drawoffs: poo 


The sketch in Figure 4 shows two feeds 
and seven interstreams. According to 
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Equation (16) the total number of vari- 
ables is 


one cooler, one heater, and one pump: 
3(C + 4) 

one heat exchanger: 2C + 8 

two simple multiplate contactors: 2(m: + 

N2) + 4C + 10 


N,” = 2(n. + nm) + 9C + 30 


The inherent conditions are represented 
by the seven interstreams: 


NY = 7C +2) 


Therefore the total number of independ- 
ent variables is, according to Equation 
(17), 


N.Y = 2m + m) + 9C + 30 


+2) 
= 2(n, + n.) + 2C + 16 


The normally fixed variables, except feed, 
of the minor classes are 

one cooler, one heater, and one pump: 3 
one heat exchanger: 3 

two simple  multiplate 


2(nmi + ne) 
(N, — Nr) = 2m +m) + 6 


minor 


contactors: 


The variables fixed by fixing the two feed 
streams entering the absorption-desorp- 
tion cycle are 2(C + 2). 


Therefore 
N,” = 2(C + 2) + 2(n, + mn) + 6 
2(n, + ne) + 2C + 10 
According to Equation (19) 
= [2(m, + n.) + 2C + 16] 
— [2(n, + n) + 2C + 10] 
= 6 


The following represents a possible com- 
bination of the six variables available for 
process specification: 


1. Concentration of a key component in 
the stream leaving the absorber. 

2. Concentration of this key component 
in the lean liquor entering the absorber. 

3. Circulation rates of the absorbing liquor. 

4. Rate of heat exchange in heat ex- 
changer. 

5. Temperature approach to cooling wa- 
ter in cooler. 

6. Temperature approach to heating me- 
dium in heater. 


As noted earlier*, an exception to nor- 
mally fixing the flow rate of a feed is 
found in the flow rate of a strippant in a 
stripper. Therefore, there is a seventh 
variable available for process specifica- 
tion, viz., the strippant flow rate. 


*See footnote on page 243. 
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NOTATION 


condenser; also component 
= side drawoff 

= distillate stream 

side feed 

= feed, terminal 

= heat exchanger 

= pump, heater or cooler 


K = condenser reboiler 
L = liquid stream 
m = number of divided stream 


= mixer 

number of theoretical plates 
number of variables or conditions 
= product 

theoretical plate 

= heat exchanged between system 
and surroundings 

= reboiler 

separator 

= divider 

= vapor stream 

= bottoms stream 

= distillation column 

= extraction column 

= multiplate contactor 


ll 


= pressure 
= rectifier 
=ft+td+l 
= phase 
= stripper 
Subscripts 
a = available variables for process spec- 
ification 
c = conditions inherent in system 
d = with side drawoffs 
f = with side feeds 
F = feeds 
h = high-pressure column of 6 
7 = total independent variables 
l = low-pressure column of 6? 
Q = heat exchanged between system 
and surroundings 
v = total variables of system 
x = normally fixed variables 
a = repetitions of elements 
7 = pressure 
Superscripts 
e = element 
E = complex element 
u = unit 
U = complex unit 
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A Common Basis for the Correlation of 
Forced and Natural Convection to 


Horizontal Cylinders 


ROBERT LEMLICH and RONALD HOKE 


Natural and forced convection have always been correlated on different bases although 
the two phenomena have much in common. Accordingly, a method for correlating both 
types of convection on the same basis, at least for heat transfer outside horizontal cylinders, 
would be of interest. 

A tentative method of accomplishing this for transverse convection is presented, involv- 
ing certain simplifying assumptions relating to drag and buoyancy, from which an ‘“‘effec- 
tive velocity” for natural convection is calculated (by means of the well-known drag corre- 
lation) and incorporated in a Reynolds number. The Nusselt number for natural convection 
is then correlated in terms of the Prandtl number and this Reynolds number in much the 
same manner as that for McAdams’s well-known correlation for forced convection. For 150 
different combinations of independent variables covering seven different fluids and wide 
ranges of diameter, surface temperature, and bulk fluid temperature, the transformed 
natural-convection data agree with Douglas and Churchill’s recent refinement of McAdams’s 


relationship for forced convection with an average deviation of about +10%. 


The methods for correlating forced and 
natural convective heat transfer differ. 
For forced convection the Nusselt number 
Nu is generally presented as a function 
of the Prandtl number Pr and the 
Reynolds number Re, and for natural 
convection Nu is generally correlated as 
a function of Pr and the Grashof number 
Gr. Qualitatively speaking, however, the 
two types of convective heat transfer 
have much in common. It is therefore 
of interest to investigate the possibility 
of devising a method whereby both 
forced and natural convection can be 
correlated on the same basis. 

One possible scheme is to apply the 
method of correlating forced convection, 
namely expressing Nu as a function of 
Pr and Re, to natural convection as well. 
This can be accomplished if a suitable 


effective velocity for natural convection 
can be obtained for substitution in the 
Reynolds number. For transverse con- 
vection outside horizontal cylinders 
Brown and Marco (1) assumed that the 
moving fluid film in natural convection 
uniformly accelerates over a distance of 
one cylinder diameter D. This assump- 
tion, of course, completely neglects the 
drag of the moving fluid against the 
stationary fluid. No experimental check 
is presented although Jakob (4) indicates 
that the analogous assumption for vertical 
surfaces yields results that agree in their 
order of magnitude with experimental 
data. 


THEORY 


Accordingly, in an effort to include the 
effect of drag, the following set of simpli- 


Fig. 1. Cylinder surrounded by fictive film. 
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fying assumptions is tentatively proposed 
for horizontal cylinders. 

1. The boundary layer surrounding the 
body is the fictive film of Langmuir (4), 
defined as a uniform layer of fluid with a 
thickness B sufficient to account by conduc- 
tion alone for all the non-adiative heat trans- 
ferred. Thus the fictive film has an outside 
diameter of D + 2B, as shown in Figure 1. 

2. This hot fictive fluid cylinder rises 
under a buoyant force equal to that exerted 
on a cylinder of diameter D + 2B filled with 
fluid which is at the arithmetic mean film 
temperature ¢;, defined as half the sum of the 
bulk fluid temperature f) and the tempera- 
ture at the surface of the solid ¢,. 

3. The fluid film rises at a constant ve- 
locity wu. 

_ 4. The drag resistance is that for a cylin- 
der of diameter D + 2B moving at this 
velocity through the bulk fluid. 


These assumptions are admittedly 
only simplifying approximations to the 
real situation. Nevertheless, by means of 
them, a wide range of natural-convection 
data for horizontal cylinders was con- 
verted (3) into the same form as forced- 
convection data and correlated in the 
same way. The source of the natural- 
convection data was McAdams’s general- 
ized dimensionless correlation (7), which 
represents the smoothed experimental 
results of many investigations covering 
a wide variety of conditions. Various 
combinations of fluid, D, t, and ¢,, were 
hypothesized, and Nu was computed for 
each combination using this generalized 
correlation for natural convection. The 
fluids considered included the gases air, 
carbon dioxide, and ethane and the 
liquids water, aniline, n-octane, and 
m-xylene. D ranged from 0.01 to 10 in,. 
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Fig. 2. Comparison of transformed natural-convection data with a generalization (to include 
Pr) of the forced-convection correlation of Douglas and Churchill. 


é ranged from 0° to 1,000°F., and 
At = t, — t ranged from 1° to 1,000°F. 
Pr ranged from 0.71 to 0.78 for the gases, 
and from 1.9 to 11.4 for the liquids. The 
fictive film thickness was then computed 
from the expression 


D 2/Nu 
5 (1) 


which follows (6) from the definition of B. 

The forces acting on a body moving at 
constant velocity must balance; in other 
words, the net upward buoyant force 
F, acting on the rising film must balance 
the downward drag force Fy. Per unit 
length of cylinder, this upward force is 
given by 


B= 


F, = (D + 2B)*(p. — pg (2) 


where g is the acceleration due to gravity 
and po and p; are the densities of the fluid 
evaluated at t and t; respectively. The 
downward force per unit length can be 
expressed in terms of the drag coefficient 
by 


Fy = + 2B) (3) 


Perry (10) gives C as a function of the 
Reynolds number Re’ = (D + 2B)upo/po, 
where po is the viscosity at to. Combining 
Equations (2) and (8) and incorporating 
Re’ into the result yields 


C(Re'y? = + 2B) (00 — (4) 


Accordingly, by substitution of D, B, and 
the appropriate fluid properties into 
Equation (4) the quantity C (Re’)? was 
calculated. From this, Re’ itself was 
determined from the aforementioned drag 
correlation replotted in the form C (Re’)? 
vs. Re’. From Re’ the effective velocity u 
was computed. The procedure of using a 
replot was applied merely to eliminate 
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trial-and-error solutions for u. Next the 
Reynolds number for heat transfer 
Re = Dup;/u;, where u; is the viscosity 
at t;, was computed. Finally Nu was 
plotted as a function of Pr and Re in 
accordance with a generalization (9) 
(merely to include Pr) of Douglas and 
Churchill’s recent refinement (2) of 
McAdams’s generalized correlation for 
forced convection (8) and compared with 
the correlation curve itself. 


DISCUSSION 


Figure 2 shows this comparison. The 
generalization of Douglas and Churchill’s 
curve for forced convection fits the 
transformed natural-convection data with 
an average deviation of about +10%. 
This is almost as good as the fit between 
the curve itself and the experimental 
forced-convection data (not shown here) 
on which it is based. In view of the very 
wide range of variables involved, this is 
considered very satisfactory agreement. 
Thus these simplifying assumptions make 
possible the correlation of natural con- 
vection on the same basis as forced con- 
vection, at least for horizontal cylinders. 

If application of Figure 2 to an actual 
calculation in natural convection is 
desired, say to find Nu, a simple trial 
procedure is employed, as follows. 

Nu is assumed, B calculated from 
Equation (1), C (Re’)? computed from 
Equation (4), Re’ determined from the 
replot of the drag correlation mentioned 
above, Re itself calculated, and Nu 
obtained from Figure 2, the entire pro- 
cedure being repeated as necessary. 

By incorporating the appropriate modi- 
fications in the derivation to account for 
the difference in geometry, the authors 
have attempted to extend the principle 
to spheres but so far with less success, 
perhaps owing to greater deformation. A 
modification in assumption 2, namely 
consideration of the fluid cylinder as 
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being hollow with an internal diameter 
of. D, has been studied as well. For 
cylinders this has proved somewhat less 
satisfactory than the original assumption 
although so far it appears fairly satis- 
factory for spheres. Further work on the 
entire subject is planned. 


CONCLUSION 


By means of suitable assumptions in- 
volving buoyancy and drag, data for 
natural convection can be transformed 
and correlated on the same basis as 
forced convection, at least for heat 
transfer outside horizontal cylinders. 
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NOTATION 

B= thickness of fictive film, ft. 

C = drag coefficient, dimensionless 

D = diameter of solid cylinder, ft. 

e = base of natural logarithms, dimen- 


sionless 


F = force per unit length, poundals/ft. 
Gr = Grashof number, dimensionless 
g = gravitational acceleration, ft./sec.? 
Nu = Nusselt number, dimensionless 


Pr = Prandtl number, dimensionless 

Re, Re’ = Reynolds number for the solid 
cylinder and the fluid cylinder 
respectively, dimensionless 

t = temperature, °F. 

At = difference in temperature between 

the surface of the solid and the 

bulk fluid, °F. 

effective velocity, ft./sec. 

viscosity, lb./(ft.)(sec.) 

p = density, lb./cu. ft. 


I 


Subscripts 

b = buoyant 

d = drag 

f = average for film 
0 = bulk 

s = solid surface 
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Role of Eddy Conductivity in 
Thermal ‘Transport 


W. H. CORCORAN and B. H. SAGE 


California Institute of Technology, Pasadena, California 


Interest in the course of chemical reactions in turbulent flow has made desirable 
detailed knowledge of the temperature distribution in flowing streams. One method of 
predicting the temperature distribution under a variety of conditions is reviewed here, the 
approach being limited to conditions of local uniform transport of momentum. A discussion 
of some of the aspects of eddy conductivity is included along with a brief review of the 


velocity distribution in uniform flow. 


The results serve to illustrate the relation of microscopic conditions of flow to the 
temperature distribution in a turbulently flowing stream. The importance of the molecular 
Prandtl number upon the transfer process is stressed. 


Turbulence exerts a marked influence 
upon the transport of energy through a 
fluid as a result of a temperature gradient. 
The early concepts of a boundary layer 
in which all the resistance to flow was 
localized at the edge of the stream appear 
to be a useful tool in many situations but 
do not afford a detaiied knowledge of the 
effect of time and position on temperature 
in various flow processes. The statistical 
theory of turbulence has made much 
progress in recent years. The basic con- 
tributions of Von Karman and Howarth 
(14) and the recent review by Batchelor 
2) laid a reasonable theoretical basis for 
the statistical theory of turbulence. The 
work of Corrsin (4, 5, 6) at Johns Hopkins 
is an illustration of the results obtained 
from the combined action of analysis and 
experiment. Until the statistical theory 
of turbulence has reached a somewhat 
more advanced state than at present, 
it appears desirable to employ time 
averages to describe the characteristics 
of the turbulent-exchange process. 

Little experimental information is 
available concerning the decay of tur- 
bulence except in the wake of grids (7). 
For this reason the present discussion will 
be limited to steady, uniform flow. 
Progress is being made by Taylor (25), 
Uberoi (26), and others in predicting the 
deviations from isotropy which result 
from contraction or expansion of flow. 
The period required for the attainment 
of steady state in regard to the turbulent- 
exchange process is also under limited 
study. For the time being it appears 
reasonable to limit quantitative consider- 
ations to the isotropic characteristics of 
turbulence, although it must be realized 
that near boundaries (16) and in streams 
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which have not yet reached steady state 
in the Lagrangian sense, marked devia- 
tions from isotropy result. 


VELOCITY DISTRIBUTIONS 


As noted, the transport of energy in a 
fluid stream is markedly affected by 
turbulence. To understand the transport 
problem it is first necessary to assess the 


nature of the momentum transport 
problem, by examining the velocity dis- 
tributions in turbulent streams. 

It is convenient to employ distance and 
velocity parameters to describe the 
velocity distribution near the boundary 
of a stream (1). These are defined by 


+ _ Ya [Tf _ 1 
y (1) 


T T 
Re = x10? 
20 q 
Re=2 X10? Re+53.2xi0? 
3 16 
utey*— 
12 
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> 8 5 
© Re= 6.96XI0 TEST 49 
08 9 9.11 48 
6 6 17.5 37 
o 36.4 50 
Z 0 53.2 43 
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Fig. 1. Experimentally measured velocity distribution. 
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These quantities are known as_ the 
distance parameter and the velocity 
parameter, y* + respectively. 


and 
Experimental measurements (23) of the 
velocity distribution in an air stream 
flowing between parallel plates are shown 
in Figure 1. The experimental results for 
Reynolds numbers below 20,000 do not 
agree with the simple theory that ut is a 
single-valued function of y+ (/). The 
marked effect of shear upon the behavior 
in the laminar region is shown for a 
Reynolds number of 2,000 (23). A com- 
parison of these experimental data with 
earlier measurements by Laufer (15), 
Skinner (24), Nikuradse (18), and Deiss- 
ler (8) is shown in Figure 2. The smoothed 
data (23) for flow between parallel plates 
are compared in Figure 3 with Deissler’s 
experimental measurements (8) for flow 
in a circular conduit. Good agreement is 
obtained at the higher Reynolds numbers 
but significant deviation from a single- 
valued relationship for the flow between 
parallel plates was found at the lower 
Reynolds numbers (2/). Similar behavior 
was found in regard to the velocity de- 
ficiency (/, 12), as is shown in Figure 4. 
The velocity deficiency is defined by 


uy = = 3) 
[Fog 


\ 


These data serve to illustrate the com- 
plexity of the microscopic velocity distri- 
bution in turbulent flow. At the present 
state of knowledge it appears that for 
Reynolds numbers below 20,000 the 
simple generalization of wt as a single- 
valued function of y+ should not be 
employed. 

For the higher Reynolds numbers this 
generalization appears to be satisfactory. 
Utilizing the data of Skinner and Laufer 
for flow between parallel plates and of 
Nikuradse and Deissler for flow in a 
circular conduit gives the relationship of 
ut to y* as approximately 


—— tanh VK, y 


VK, 
] 
0.0695 tanh 0.0695 
S264 A) 
u=A+t 
5.5 + 04 In 
y* > 26.7 (5) 
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Fig. 3. Comparison of results with flow in circular conduits. 


where the fluid properties are constant 
throughout the stream. These expressions 
for the flow near the wall (10) and in the 
main body of the stream (8) yield a 
continuous first derivative of the velocity 
with respect to position. However, 
Equations (4) and (5) assume that w+ is 
a single-valued function of y+, and, as 
indicated in the preceding figure, such 
behavior is encountered only for Reynolds 
numbers above 20,000 (23). A similar 
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situation was found in the relation of the 
velocity deficiency to position. 

Deissler (8) prepared an analysis of the 
relationship of the distance and velocity 
parameters based upon the similarity 
hypothesis and certain dimensional con- 
siderations as to the factors influencing 
eddy viscosity. If the shear is assumed 
constant along with the properties of the 
fluid, there results for the region near 
the wall the following expression: 
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Fig. 5. Comparison of several predictions 
EQUATION 5 
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u’= 2.50 In y*+5.5 


Equation (7) assumes constant shear and 
fluid properties in the main body of the 
stream. Figure 5 includes the relations of 
u* and y+ as described by Equations (4) 
to (7) inclusive. It is apparent that there 
is little to choose between the two ap- 
proaches. In the present discussion most 
of the comparisons of velocity distribu- 5 
tion and of the evaluations of the eddy 
viscosity have been made on the basis of 
Equations (4) and (5). 

More recently Deissler (9) considered a 
somewhat different approach and for 
constant fluid properties suggested the 
following integral form for the behavior 
in the boundary layer: 


EQUATION 4 
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Fig. 6. Relative viscosity as a function of 
position in flow channel. 
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more recent approach (9) yielded an 
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Fig. 7. Temperature gradients for steady 
uniform flow between parallel plates (upper 
wall at 105°F. and lower wall at 95°F.). 
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Fig. 8. Influence of Reynolds number upon 
eddy conductivity. 
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In the application of Equations (9) and 
(10) it was assumed by Deissler (9) that 
the variation in viscosity could be de- 
scribed by 


- = (1 — (11) 
Ho 


The simplification of Equation (9) to 
the form of Equation (8) when the vis- 
cosity is independent of position is 
evident. Deissler (8, 9) discussed the 
underlying assumptions and boundary 
conditions involved in the foregoing 
equations. In the interest of brevity these 
matters have not been discussed in detail. 
It should be realized that the preceding 
equations are applicable only for the 
higher Reynolds numbers and that sig- 
nificant errors may be introduced if they 
are employed for Reynolds numbers below 
about 20,000. In the following discussion 
it will be assumed that the relationships 
of u*+ and y+ established experimentally 
as shown in Figures 1 and 2 apply at 
Reynolds numbers below 20,000 and as 
indicated in Equations (4) and (5) at 
higher Reynolds numbers. 

The velocity-position data may be used 
in computing the eddy viscosity which 
has application in relating momentum 
transfer with heat and mass transfer. 
Von Karman (13) defined an eddy 
viscosity for steady, uniform flow between 
parallel plates as 


9 
dy ay’) 
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It is convenient to consider the total 
viscosity as defined by 


Em = Em TY (13) 


The relative viscosity ¢,,/v may be cal- 
culated from the velocity distribution, 
pressure drop, and fluid properties. 

At Reynolds numbers above 20,000 
expressions which are based on the 
generalization shown in Equation (4) 
may be developed (22) for evaluation of 
the relative viscosity. At values of y* 
less than 26.7 there results 


lo v 


(14) 
or 
v 
(15) 


For larger values of y+ the relative vis- 
cosity is obtained by use of Equation (5): 


94 Ing a) 


Deissler (9) also developed an expres- 
sion for the relative viscosity near the 
wall of the conduit when considering 
constant physical properties of the fluid 
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If variation only in molecular viscosity 
is considered, the last term of Equation 
(18) becomes where 
may be obtained by development of 
Equation (11). 

The relative viscosity (23) in a circular 
conduit which is large in comparison with 
the thickness of the boundary layer is 
presented in Figure 6 for constant phy- 
sical properties. It is apparent that both 
the Reynolds number and the position 
in the steady, uniform stream exert a 
pronounced influence upon the relative 
eddy viscosity. Again it is emphasized 
that for a Reynolds number below 20,000 
the relative viscosity is subject to un- 
certainty as a result of the difficulty in 
predicting the velocity distribution with 
accuracy. 


EDDY CONDUCTIVITY 


After estimating values of the eddy 
viscosity, it is possible by making reason- 
able assumptions to use these data in 
establishing values of the analogous term 
for thermal transport, the eddy conduc- 
tivity (13). Before such relations are 
considered, however, it is desirable first to 
consider the nature of the eddy conduc- 
tivity. It has been defined in the following 
way: 


Cio dt 
dt Coe (19) 


Likewise, the total conductivity may be 
described as 
fe) 
Q dy 
C,o dt (20) 


Under steady, uniform conditions all 
the variables in Equations (19) and (20) 
may be measured directly. For example, 
the temperature gradient normal to the 
flow of air between parallel plates at a 
mean temperature of 100°F. is shown in 
Figure 7 for a gross velocity of 28.1 
ft./sec. and a Reynolds number of 17,100. 
The average temperature gradient was 
164.5°F./ft. Thermal flux may be readily 
measured under steady conditions by con- 
ventional calorimetric techniques. From 
such information it is possible to establish 
the eddy conductivity as a function of 
position in the stream and the Reynolds 
number by use of Equation (19). The 
results of these measurements (19, 20) 
for the flow of air between parallel plates 
are shown in Figure 8. 

In the treatment of the relation between 
momentum transfer and heat transfer, 
the Prandtl number is often used as a 
means of correlating data. It is convenient 
to define three: Prandtl numbers, one 
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relating to molecular transport, one to 
eddy transport, and one to the total 
transport. These are shown, respectively, 
in the following expressions: 


Pr,, = (21) 
Pr, = = (22 


The effect of Reynolds number and 
position in the stream upon the total and 


Fig. 9. Estimated effect of Reynolds num- 
ber and molecular Prandtl number on total 
Prandtl number in turbulent core. 


eddy Prandtl numbers was investigated 
for a stream of air (20). It was found in 
this case that the Prandtl numbers did 
not vary rapidly with position near the 
center of the stream and that for an 
increase in the Reynolds number the 
eddy Prandtl number gradually increased. 
More recent unpublished data for air 
under a slightly different level of turbu- 
lence, however, indicate the reverse trend 
at Reynolds numbers above 20,000. 
Rather complicated trends in the turbu- 
lent Schmidt number are also encountered 
with variations in conditions of flow. On 
the basis of the experimental evidence 
accumulated, it appears that the eddy 


Fig. 10. Ratio of total to molecular conduc- 
tivity on basis of Reynolds analogy. 


Prandtl number for air is sensitive to the 
conditions of flow beyond those described 
by the gross Reynolds number. The 
primary uncertainty may well lie in the 
eddy viscosity, which is most sensitive to 
momentum transport. 

The total Prandtl number is estimated 
to be a marked function of the Reynolds 
number (20) and the molecular Prandtl 
number, as shown in Figure 9. The 
trends as to the effect of the molecular 
Prandtl number shown here are based in 
a large measure upon theoretical con- 
siderations (11) and are subject to un- 
certainties. 


Fig. 11. Temperature distribution near wall. 
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Fig. 12. Effect of Reynolds number upon 
relative conductivity. 


BEHAVIOR IN THE BOUNDARY LAYER 


It is obvious from the variations of the 
eddy conductivity with position that 
the greater part of the resistance to 
thermal transport is located near the 
boundary of the stream. From the charac- 
teristic transport of momentum in the 
boundary layer, which is presented in the 
first part of this discussion, the relative 
conductivity may be evaluated as a 
function of position and Reynolds number 
for that region, as shown in Figure 10. 
This figure assumes that the eddy con- 
ductivity and eddy viscosity are equal, 
which has been found not to be strictly 
true (20). However, the complex nature 
of turbulence near the boundary layer 
and the indication of marked deviations 
from isotropic behavior in this region 
introduce added uncertainties. For this 
reason it does not appear worth while to 
refine the information presented in 
Figure 10 by taking into account the 
deviations from Reynolds analogy (20). 
There is a marked effect of position in the 
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channel on the relation between Reynolds 
number and the relative conductivity 
e./K in steady, uniform flow. 

The temperature variation (3) near the 
wall associated with the flow of air 
between parallel plates is shown in Figure 
11. A marked effect of Reynolds number 
upon temperature distribution is evident. 
The relative conductivity based upon 
these experimental data (3) is shown in 
Figure 12 as a ‘function of Reynolds 
number. 

The total conductivity obtained ex- 
perimentally is compared with the experi- 
mental and calculated total viscosities in 
Figure 13. It can be seen that there is a 
marked similarity between the curves for 
eddy conductivity and eddy viscosity. 
Because of the thicker boundary layer 
the curve for the calculated total viscosity 
at the lower Reynolds number does not 
show the discontinuity in slope as evi- 
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Fig. 13. Comparison of total conductivity 
and total viscosity. 


denced in the curve at the higher Reyn- 
olds number. 

It is of interest to compare the varia- 
tion of the relative conductivity as a 
function of the distance parameter y*. 
Such behavior is shown in Figure 14, 
where a relative conductivity term is 
plotted as a function of the distance 
parameter yt. 


Fig. 14. Effect of distance parameter upon 
average relative conductivity. 
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Fig. 15. Schematic diagram of two-dimensional air stream. 
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ESTIMATION OF TEMPERATURE DISTRIBUTION 


It is often of interest to predict the 
temperature distribution in flow which 
is substantially uniform with regard to 
the transfer of momentum and non- 
uniform with respect to thermal trans- 
port. Such a situation is portrayed in 
Figure 15 for two-dimensional, steady, 
uniform flow between parallel plates. 
Under the circumstances the over-all 
energy balance may be expressed as 


3 oT 

=c 

Uz (24 
Oy Ox 


Equation (24) neglects the effect of 
changes in elevation, kinetic energy, and 
pressure upon the characteristics of the 
stream for both the gross and turbulent 
motion. This nonlinear equation may be 
solved by field methods or by an electrical 
analogue. It does not appear worth while 
to consider the details of the solution of 
this partial differential equation except 
to indicate that the resistance of the 
thermally conducting wall must be taken 
into account to establish the boundary 
conditions for the fluid. By use of the 
specific characteristics of a copper wall 
for a two-dimensional channel, the wall- 
temperature distribution was both caleu- 
lated and measured as a function of 
downstream position as shown in Figure 
16. It is apparent that the predicted and 
experimental wall temperatures were in 
satisfactory agreement. Comparisons of 
the predicted and calculated temperatures 
in the stream at several positions down- 
stream for the same channel are shown 
in Figure 17, where good agreement 
between the experimental and predicted 
temperature distributions was obtained. 
In this instance the air was introduced 
at 100°F. and the upper and lower walls 
were at the indicated temperatures. The 
agreement of the experimentally deter- 
mined and predicted temperatures with 
other boundary conditions is shown in 
Figure 18. In this case the air was intro- 
duced at 100°F., which corresponded to 
the upper wall temperature; whereas the 
lower wall was at 85°F., as_ before. 
Agreement was also obtained for this set 
of conditions. It is possible to predict the 
thermal flux at the wall by integration 
of Equation (24) for specific boundary 
conditions. Under these circumstances the 
gross heat-transfer coefficient based upon 
the bulk temperatures of the stream has 
been calculated for comparison and is 
shown in Figure 19. At the transition from 
the adiabatic to the conducting wall a 
rapid change in conditions takes place and 
the actual thermal transfer coefficient is 
large. However, the coefficient approaches 
a uniform value at a downstream distance 
approximately equal to forty times the 
channel height and is in good agreement 
with predictions made by methods 
described by McAdams (17). 
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NOTATION 

A, B = constants 

C= constant of integration 

C, = isobaric heat capacity, ft./°F. 

d = differential operator 

€ = base of natural logarithms 

a; = friction factor 

g = acceleration due to gravity, ft./ 
sec.? 

k,, K2 = constants of proportionality 

k = thermal conductivity, ft./(sec.) 
(ft.) (°F.) 

l = distance from center of channel, 
ft. 

lo = distance from center of channel 
to wall, ft. 

In = natural logarithm 

n = constant of proportionality taken 
as 0.109 

pressure, lb./sq. ft. 

Pr = total Prandtl number 

Pr, = eddy Prandtl number 

Pr,, = molecular Prandtl number 

Pro = Prandtl number with properties 

. evaluated at t 

Q = thermal flux, Ib./(ft.)(sec.) 

r = ‘radius, ft. 
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Thermal transfer coefficient near 
entrance to flow channel. 


radius of conduit, ft. 
Reynolds number 
absolute temperature, °R. 
temperature, °F. 
temperature parameter, 


— t)C,9T to 
o |r 
Po 

temperature of bath, °F. 
temperature of wall, °F. 

gross velocity, ft./sec. 

point velocity, ft./sec. 

friction velocity, V tog/o, ft./ 
sec. 

velocity parameter defined by 
Equation (2) 

velocity deficiency defined by 
Equation (3) 

maximum velocity, ft./sec. 
velocity in x direction, ft./sec. 
downstream distance, ft. 
distance from wall, ft. 

distance parameter, defined by 
Equation (1) 

distance from nearest wall, ft. 
separation of plates, ft. 

heat transfer parameter, 


C.9Toto 


eddy conductivity, sq. ft./sec. 
total conductivity, (e€, + K), sq. 
ft./sec. 

eddy viscosity, sq. ft./sec. 

total viscosity, (€, + v), sq. ft./ 
sec. 

thermometric conductivity, sq. 
ft./sec. 

absolute viscosity of fluid, (Ib.) 
(sec.)/sq. ft. 

absolute viscosity of fluid evalu- 
ated at f, (Ib.)(sec.)/sq. ft. 
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v = kinematic viscosity, sq. ft./sec. 

v = kinematic viscosity evaluated at 
wall, sq. ft./sec. 

Po = density of fluid evaluated at wall, 
(Ib.) (sec.?) /ft.4 

o = specific weight, lb./cu. ft. 

T = shear, lb./sq. ft. 

7™ = Shear at wall, lb./sq. ft. 

ce) = partial differential operator 

Superscripts 

d = viscosity exponent 


= lower oil bath 
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Fluid Flow in Simulated Fractures 


Fractures in some petroleum reservoirs 
often play an important role in the pro- 
duction of fluid from the pay formation. 
In fact, in some cases the oil or gas could 
not be produced economically in the 
absence of fractures functioning as 
principal conduits for transporting the 
fluids from the reservoir to the well bore. 
On occasions, special well treatments 
designed to induce fractures, to widen 
fractures, and/or to extend existing 
fractures are employed in oil wells. 

The flow of a fluid in fractures in the 
vicinity of the well bore may be of either 
a viscous or a turbulent type, depending 
upon the fluid properties and the con- 
ditions prevailing in the fractures. It is 
the purpose of this paper to present cor- 
relations of the fluid properties and 
conditions prevailing in simulated frac- 
tures so that engineering flow calculations 
for the single-phase flow of Newtonian 
fluids in actual fractures may be made 
more expedient!y than at present. 

For present purposes a fracture is 
defined as a three-dimensional conduit; 
that is, it has length, width, and depth. 
The flow within the fracture is considered 
unidirectional and steady state and is 
treated similarly to the flow between two 
parallel plates. Any surface irregularity 
extending from the surface of a plate is 
designated as surface roughness. For the 
case of packed fractures, such as those 
filled with sand or similar granular 
material, the flow problem is considered 
analogous to that encountered in packed 
columns. 


RELATED STUDIES 


A survey of the literature reveals many 
studies that are related to, but not 
directly concerned with, fluid flow in 
fractures. An equation for viscous flow 
between parallel plates which may be 
used to simulate the geometry of a 
fracture may be written as 


APg.bW 
(1) 


Lamb (13) states that Equation (1) is 
approximately valid even if the interval 
W, between the two surfaces is variable, 
provided that the gradient dW,/dl; is 
small and, even if both surfaces are 
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curved, provided that Wy; is small com- 

pared with the radii of curvature. 
Another means of describing fluid flow 

behavior in fractures is in terms of a 


Fanning-type friction-factor plot, in 
which the Reynolds number 
2W,U 
Re = (2) 


is correlated with the friction factor 


(3) 


Under conditions of viscous flow in 
fractures, it may be shown that the 
friction factor and Reynolds number have 
the relation 
24 
f=5 (4) 
Davies and White (7) in experimenting 
with variable-width rectangular pipes 
as water conduits found that Equation 
(4) did not hold for Reynolds numbers 
above 1,800. The reported data covered 
a Reynolds number range of 60 to 4,500. 
Page et al. (16) in a study of temperature 
gradients in turbulent gas streams flowing 
between parallel glass plates reported 
flow data in the Reynolds number range 
of 7,000 to 60,000. The data and correla- 
tions of these two studies cover a suffi- 
ciently wide range of flow conditions to 
be adequate to describe the flow in most 
smooth-surface fracture systems. 

The flow of a fluid in rough-surface 
conduits has been under study for a 
considerable period of time. However, 
very little of this work has dealt with 
conduits resembling fractures. Darcy (6) 
was one of the first to recognize that the 
nature of the wall of a pipe affected the 
flow. Bazin (1) continued the experi- 
ments of Darey and developed empirical 
equations relating the flow to surface 
conditions of specific materials. Stanton 
(18) worked with two pipes of different 
size, the inner surfaces of which were 
threaded so that the surface-roughness- 
to-diameter ratio was the same, and from 
these experiments concluded that the 
Reynolds number concept held for flow 
in such rough-surface pipe. Although the 
friction factor and Reynolds number for 
flow in these two particular pipes agreed, 
the friction factor for a corresponding 
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Reynolds number in a smooth-surface 
pipe was lower at large Reynolds number 
values. Schiller (17), in working with 
brass tubes threaded similarly to those 
used by Stanton, studied the flow behavior 
in the critical region of flow and concluded 
that the critical Reynolds number was 
independent of the surface roughness of 
the pipe. This conclusion, however, was 
based on a limited degree of surface 
roughness. Mises (1/4) in an attempt to 
correlate the existing published data 
introduced the term relative roughness, 
which is the ratio of the arithmetic mean 
elevation of surface roughness to the 
radius of the pipe. The resulting empirical 
correlations gave the resistance to flow 
as a function of both the Reynolds number 
and the relative roughness. Hopf (10) used 
rectangular conduits made from sheets 
of various smooth- and rough-surface 
materials to study the effect of surface 
roughness on flow behavior. For flow at 
sufficiently large Reynolds numbers, the 
following expression for the Fanning-type 
friction factor was offered: 


0.314 
f= o.04(?) 
r 


The most recent and exhaustive study 
is that of Nikuradse (15), who investi- 
gated the relative roughness effect of 
artificially roughened pipe surfaces. A 
coating of lacquer to which sand grains 
adhered served as the surface. For viscous 
flow in the rough-surface pipe, the equa- 
tion for flow in smooth surface pipe was 
adequate, which expressed in terms of the 
Fanning-type friction factor is 


16 
f= Re (6) 


[It should be noted that Equation (6) 
for circular conduits has the constant 
16 and that Equation (4) for fractures 
has the constant 24.] For complete tur- 
bulence and sufficiently large Reynolds 
numbers, the friction factor proposed by 
Nikuradse for flow in rough-surface pipe is 


1 
a(1.74 + 2 log 4 


(5) 


f= 


The above-reported studies of rough 
surfaces, although adequate for flow 
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calculations involving large-diameter 
pipes, are not conclusive for use in calcu- 
lations involving fractures with widths of 
the order of a millimeter or less. 

Another condition that may affect fluid 
flow in some fracture systems, particularly 
in oil-production practice, is the presence 
of granular material such as sand, which 
may be placed there as a propping agent 
to maintain a fracture in an “open” 
condition under the existing high over- 
burden pressures. In many respects a 
fracture packed with sand resembles a 
packed column; thus, the studies of flow 
through beds of solids have offered some 
information useful in a study of packed 
fractures. One of the first to treat the 
flow in a packed column as similar to 
the flow in a pipe was Blake (2), who 
proposed a modified Reynolds number in 
which D,/e replaced the diameter in 
pipe-flow calculations. Using this param- 
eter, he found that the pressure loss 
through the packing was inversely pro- 
portional to «*. In similar studies Burke 
and Plummer (3) reported that at high 
rates of flow the resistance to flow was 
proportional to (1 — ¢)/e’, and Kozeny 
(12) reported that at low rates of flow the 
resistance to flow was proportional to 
(1 — 

Carman (4) showed that at low rates 
of flow the Blake method of correlation 
led to the equation offered by Kozeny, 
namely, 


Dp 


Also, at high rates of flow the Blake 
method of correlation led to the equation 
reported by Burke and Plummer, which is 


APg. _ (1 — 


(9) 


Later Ergun (8) showed that for all 
rates of flow, Equations (8) and (9) were 
additive. He proposed the equation 


APG. _ nq aU 
150 3 D, 
(1 — pU 
+ D (10) 


from which the Blake-type friction factor 
is 


1.75 + (1) 


f= 


Equations (10) and (11) are valid for 
flow in columns packed with solids; 
however, for flow in a packed fracture 
where the particle diameter is of the same 
order of magnitude as the fracture, the 
validity of the equations has not been 
established. 

Studies reported in the literature ade- 
quately cover the flow in conduits usually 
encountered; however, the use of the 
reported data to anticipate the flow 
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Fig. 1. Flow cell for rough-surface fracture only. 


behavior in a conduit resembling a 
fracture was considered questionable. 
Therefore, the study reported in this 
paper was undertaken to provide the 
necessary data so that the flow in frac- 
tures might be treated similarly to the 
flow in pipes or in packed columns, as 


the specific condition in the fracture 
required. 
EXPERIMENTAL METHODS* 

Fractures in oil reservoirs may vary 


widely in the characteristics that define the 
flow within the fractures. Inasmuch as it 
was necessary in this study to control the 
characteristics of the fracture as well as the 
other variables in the flow system, the frac- 
tures were formed in such a manner that all 
the pertinent variables might be controlled. 
The flow cell shown in Figure 1 was used for 
the study of flow in planar fractures. The 
surfaces which formed the boundaries of the 
flow cell were coated with a layer of shellac 
(1 part shellac, 1 part methyl alcohol) by 
submerging the surfaces in the liquid and 
then allowing the excess shellac to drain 
from the surface. Close-cut fractionized sand 
was sprinkled on the shellacked surface 
through a sieve screen. The sand grain size 
was predetermined experimentally by a 
three-dimensional measurement method (11) 


*Experimental data are available as document 
4832 from the American Documentation Institute, 
Photoduplication Service, Library of Congress, Wash- 
ington 25, D. C., for $1.25 for photoprints or 35-mm. 
microfilm. 
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Fig. 2. Steel plugs for simulated fractures. 


for each particular sand fraction. The shellac 
was allowed to dry for about 12 hr. before 
the surfaces were observed under a micro- 
scope for uniformity. For a surface to be 
used in the flow study, the sand grains cov- 
ered 40 to 60% of the shellacked surface 
with no sand particle resting on top of 
another. Repeated micrometer measure- 
ments of the shellacked portion of the sur- 
face showed that the shellac film thickness 
was about 0.01 mm. Upon examination of 
the surfaces, it appeared that the sand 
grains were partially immersed in the shel- 
lac; for calculation purposes it was assumed 
that the grains rested on the steel surfaces. 

Flow experiments for rough-surface frac- 
tures were for the most part performed with 
air as the fluid at room temperature and 
atmospheric pressure. Several ‘calibration 
runs” were made at the lower flow rates by 
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use of water, mineral oil, and Soltrol-C (a 
narrow-boiling-range petroleum fraction re- 
sembling kerosene). Flow rates were ob- 
served at various differential pressures over 
a 5.08-em. test section of the fracture, which 
was 13.3 cm. in over-all length. The test 
section was 7.0 em. from the fluid entrance 
to the fracture and 1.22 cm. from the exit. 
Flow data were obtained for fracture widths 
of 1.58 to 3.74 mm. and surface roughnesses 
of 0.167 to 0.247 mm. The resulting relative 
surface roughnesses (z/Wy) were 0.0446 to 
0.156. The depth of the fracture in each case 
was 3.75 em. 

For the study of flow in packed fractures, 
flat-faced half sections of steel plugs from 
2.56 to 7.63 em. in length were spaced with 
thin steel plates of sheet metal (shim stock 
material) and the open section thus formed 
was packed with fractionized sand samples 
of predetermined particle diameter. The 
steel plugs are shown in Figure 2. The aver- 
age particle diameter of the sand fraction 
was determined in the following manner. 
Sand particles of a particular fraction were 
counted (200 to 2,000) with the aid of a 
microscope and weighed to determine the 
number of particles per gram of sand. The 
particle volume per gram of sand was ob- 
tained by measuring the volume of water 
displaced by a given bulk volume (and 
weight) of sand in an ordinary burette. The 
particles were considered as spheres and the 
average particle diameter was calculated. 
The bulk volume of the sand was measured 
in the burette at the time the particle vol- 
ume was measured. The porosity of the bulk 
sand was calculated from the particle vol- 
ume and the bulk volume of the sand. 

The fracture of known width was packed 
with the sand, and the steel plug was tapped 
to settle the sand in the fracture. The sand 
was wetted with the fluid to be used in the 
flow study with further tapping of the plug 
to ensure close packing of the sand within 
the fracture. During the packing of the 
fracture, and during the subsequent flow 
study, the downstream end of the fraction 
was “‘blocked” by a wire screen to retain the 
sand in the fracture. 

The plug was placed in a Hassler-type 
flow cell for the flow study. After the com- 
pletion of the flow experiments, the sand 
pack was removed and dried, and the sand 
particle volume determined. With the vol- 
ume of the fracture known, the porosity of 
the sand pack was calculated. 

Flow data were obtained for air, water, a 
mineral oil, and Soltrol-C in fractures of 
0.356- to 1.47-mm. widths. The average 
particle diameter of the various sand packs 
varied from 0.111 to 0.803 mm. The result- 
ing particle-diameter—to—-fracture-width ra- 
tios were 0.084 to 0.78. In each case the frac- 
ture depth was 1.85 em. 

A limited amount of flow data on water 
and Soltrol-C were obtained in a radial flow 
system using sand packs between circular 
glass plates 27 em. in diameter. The plates 
were oriented in a horizontal plane and fluid 
entry was through a 7-mm.-diameter hole in 
the center of one of the plates. The fracture 
was packed during the flowing of the fluid 
from the center to the circumference of the 
fracture. Sand packs having average particle 
diameters of 0.708 and 0.409 mm. were used 
in fractures of widths 0.80 and 1.4 mm., 
respectively The method of obtaining the 
porosities was the same as previously de- 
scribed. 
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Fig. 3. Friction-factor-Reynolds-number relation for flow in smooth-surface fractures 
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Fig. 4. Friction-factor-Reynolds-number relation for flow in smooth fractures and circular 
conduits. 


DISCUSSION 

Previously reported data (7, 16) are 
considered adequate for flow calculations 
involving fractures possessing smooth 
surfaces. These reported data are com- 
pared in Figure 3 with data obtained 
from this study. The agreement substan- 
tiates the conclusion of Davies and White 
(7) that there is departure from viscous 
flow at a Reynolds number of about 
1,800 and that full turbulence is mani- 
fested at about 4,000 and above. 

A comparison of flow in a fracture and 
a circular conduit is made in Figure 4. 
It is assumed here that the equivalent 
diameter of a fracture (for use in calcu- 
lating the Reynolds number) approaches 
twice the width of the fracture if the 
depth is large in comparison with the 
width. For corresponding Reynolds num- 
bers, the friction factors for flow in 
fractures are higher than for flow in 
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circular conduits; however, at the lowest 
point where full turbulence is manifested 
in both systems (Re of about 4,000) the 
friction factors are approximately the 
same. 

Figure 5 shows the friction factors cal- 
culated from experimental flow data 
obtained with rough surface fractures of 
various relative roughnesses. As was 
mentioned previously, 40 to 60% of each 
plate area forming the fracture was 
“covered” with the sand particles, which 
provided roughness to the fracture 
surface. This range of roughness was 
chosen because it is believed that when 
a rock is ruptured the roughness of each 
of the two surfaces forming the resulting 
fracture would be about the same. 

In the viscous flow region the line cal- 
culated by Equation (4), which describes 
the friction factor f at different Reynolds 
numbers Re shows good agreement with 
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the experimental flow data. In the Rey- 
nolds number range of 1,800 to 4,000 
the flow is erratic and in some cases the 
calculated f values lie on the smooth- 
surface curve up to Reynolds numbers 
of about 3,000; in other cases the f 
values show an increase above a Rey- 
nolds number of 1,800. With the particular 
apparatus used in the flow studies, this 
behavior was probably due to the eddy 
currents caused by the fluid entrance to 
the fracture still existing as the fluid 
flowed through the test section of the 
fracture. 

For relative surface roughnesses (z/W,) 
above 0.10, once turbulence is established, 
the friction factors f are relatively in- 
sensitive to higher rates of flow. At 2/W,; 
values below 0.10 investigated in this 
study, f values in the turbulent range 
increase slightly above the values estab- 
lished at the beginning of turbulence. It 
appears that at Reynolds numbers above 
20,000, the curves describing the friction 
factors effective for the various relative 
roughnesses studied would be parallel. 

Friction factors for flow in rough- 
surface fractures are compared with those 
of Nikuradse (15) for circular conduits 
in Figure 6. At sufficiently large Reynolds 
numbers where f is dependent only on 
2/W,, an empirical relation obtained 
from the flow data on fractures is 

f = (12) 
In comparison of f values obtained with 
Equations (5), (7), and (12) the agree- 
ment is within 15%; however, none of 
these equations are valid when f is 
dependent on both the Reynolds number 
and the relative surface roughness. This 
condition is usually obtained with small 
relative surface roughness at low Rey- 
nolds numbers in the turbulent region of 
flow. An extrapolation of the curves for 
the various z/W, values of the fractures 
to the lower range of Reynolds numbers 
is not attempted. However, from Schil- 
ler’s (17) work, which reported that large 
increases in the friction factor for high 
relative roughnesses are produced imme- 
diately after complete turbulence is 
developed, it would be expected that the 
extrapolations would probably join the 
smooth-surface, friction-factor curve at a 
Reynolds number of about 3,500. 

In Figure 7 a comparison of the friction 
factors calculated from experimental 
flow data on packed fractures is made 
with those predicted by Equation (11). 
The correlation parameters used in the 
calculations are essentially the same as 
those first proposed by Blake (2), namely, 
the friction factor 


and the modified Reynolds number 
(14) 
Mii-e) 
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Fig. 5. Friction-factor-Reynolds-number relation for flow in rough-surface fractures. 
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Fig. 6. Friction-factor-Reynolds-number relation for flow in fractures and circular conduits. 


The values of the friction factor f cal- 
culated from flow data are higher than 
those calculated with Equation (11) in 
the Reynolds number range of 5 to 100, 
but the agreement is good at Reynolds 
numbers below or above this range. The 
higher values of the friction factor could 
be due to the flow discontinuity at the’ 
entrance to the sand pack. For Reynolds 
numbers less than 10 the kinetic energy 
effects can be neglected, which results in 
Equation (10) reducing to Equation (8). 
Also, for Reynolds numbers greater than 
1,000 the viscous energy effects can be 
neglected and Equation (10) becomes 
the same as Equation (9). In the Reynolds 
number range of 10 to 1,000, both the 
viscous and kinetic energy effects must 
be considered, in which case only Equa- 
tion (10) is adequate. 

The sand-pack porosities used in the 
friction-factor calculations were those 
obtained from the correlation shown in 
Figure 8. The porosity e; exhibited by 
the sand in the fracture was as much as 
1.4 times greater than the bulk porosity e. 
The dependence of porosity on the ratio 
D,/W; is somewhat similar to that 
described by Furnas (9) for the wall 
effect in packed columns; however, in 
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most cases the ratio D,/W,; is greater in 
fractures that that reported by Furnas 
on columns. The largest size sand fraction 
used in this study was 20-35 mesh and 
the smallest was 120-200 mesh (U. 8. 
sieve series). The bulk-sand porosity 
values € ranged from 35 to 41 vol. %; 
the sand porosity in fractures ranged 
from 38 to 52 vol. % in fracture widths 
of 0.64 to 1.47 mm. In cases where 
D,/W, is less than about 0.1, e, and € 
are the same. For D,/W, ratios above 
0.1 it is necessary to know the value of ¢;. 
Provided that the true value for e is 
used, the Ergun (8) equation appears 
adequate for flow calculations involving 
sand packs in fractures. 

Figure 7 also allows comparison to be 
made of friction factor values calculated 
from flow data using a radial flow system 
of sand packs between glass plates with 
those values predicted by Equation (11). 
The data are limited, owing to the low 
differential pressures necessary with the 
apparatus. For the case of radial flow, 
l; becomes the difference between the 
radius of the glass plates and the radius 
of the inlet. Also, the bulk velocity is 
based on the log mean flow area of the 
empty fracture, in which case 
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Fig. 7. Blake-type friction-factor-Reynolds-number relation for flow in fractures. 
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With these modifications the correlation 
parameters used are the same as Equa- 
tions (13) and (14). As in the case of 
linear flow, the agreement between the 
friction factor calculated from flow data 
and predicted with Equation (11) is good; 
however, above Re of 5 the friction factor 
calculated from flow data is somewhat 
larger in the range of Re studied. 


APPLICATIONS 


One of the primary uses for the inform- 
ation presented in this investigation is 
in the engineering analysis of flow 
problems in fractured reservoirs. It is 
realized that values for some of the 
variables which are relatively easy to 
measure in the laboratory cannot be 
determined for an oil reservoir by the 
present methods of analysis; however, 
with the use of information presented 
here, useful approximations can be made 
for various reservoir problems involving 
fractures. 

The “propping” of induced and widened 
fractures with sand has received con- 
siderable attention in recent years (4). 
The propping agent would rarely form a 
pack throughout the entire fracture; 
however, as a limiting case the flow 
calculations made on a sand pack in a 
fracture could serve as a model to de- 
scribe the nature of flow that might be 
expected under certain reservoir condi- 
tions. 

It is considered likely that the normal 
production rates from oil wells rarely 
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create turbulent flow in planar fractures; 
however, during hydraulic well-treatment 
processes, and under some of the more 
unusual production conditions, it is 
probable that turbulent flow exists in the 
fractures in the vicinity of the well bore. 
As shown in Figure 5, surface roughness 
plays an important part in the flow 
calculations. A laboratory flow experi- 
ment employing both viscous and tur- 
bulent flow conditions with a formation 
core sample containing a fracture of 
known or measurable width could produce 
data useful in estimating surface-rough- 
ness characteristics of reservoir fractures. 


SUMMARY AND CONCLUSIONS 


The results reported in the literature 
cited in this paper together with the new 
data obtained from the study reported 
here show that fluid flow in fractures can 
be treated similarly to fluid flow in 
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circular conduits and that satisfactory 
friction-factor correlations permitting en- 
gineering flow calculations for fractured 
systems result. The principal conclusions 
that may be drawn are 


1. Viscous flow in planar fractures is lim- 
ited to Reynolds numbers of less than 1,800. 
The surface roughness has no appreciable 
effect upon the resistance to flow when the 
flow is of a viscous nature. 

2. Flow in planar fractures departs from 
viscous flow at a Reynolds number of about 
1,800, but the flow does not become com- 
pletely turbulent until a Reynolds number 
of about 4,000 is exceeded. 

3. In the region of turbulent flow the 
effect of surface roughness becomes promi- 
nent. The extent to which the friction factor 
is controlled by the surface roughness is de- 
pendent on the relative surface roughness 
and the Reynolds number. 

4. The flow in packed fractures can be 
treated similarly to flow in a packed column. 
The porosity exhibited by the sand pack in 
the fracture is dependent on the ratio of the 
particle diameter to fracture width. By use 
of an appropriate porosity value, flow calcu- 
lations can be made adequately with the 
Ergun (8) equation. 
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NOTATION 


A,, = log mean cross-sectional flow area 

b = depth of fracture 

Ci, C. = constants 

= diameter of circular conduit 

D, = average diameter of particles, if 
the particles are assumed to be 
spheres 

f = friction factor, as defined by the 
appropriate equation for the exist- 
ing conditions 

ge = mass-force conversion factor 

l = length of circular conduit 

l, = length of fracture 

AP = pressure differential (force units) 


Q = volumetric flow rate 

r = radius of circular conduit 
R,, = radius of source of fluid 
R = radius of sump for fluid 


Re = Reynolds number, as defined by 
the appropriate equation for the 
existing conditions 

U = bulk average velocity, based on 
empty conduit 

W, = width of fracture 


z = height of surface roughness 

2/r, 2/W; = relative surface roughness 

¢ = bulk porosity exhibited by a bed 
or sand pack as determined in a 
porosimeter 

és = porosity exhibited by sand pack in 
a fracture 

w = absolute viscosity of fluid 

p = density of fluid 
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Plate Efficiency with Chemical Reaction— 
Absorption of Carbon Dioxide in 
Monoethanolamine Solutions 


The effect of chemical reaction on plate efficiency has been given little attention in the 
determination of bubble-plate efficiencies, although it is of importance in many operations. 
A typical example is the absorption of carbon dioxide in monoethanolamine solutions. 

The over-all Murphree gas-phase plate efficiency can be shown to be a function of 
K,(A/V) where A/V is the interfacial surface area formed per tray per unit volume of gas. 
In order to evaluate variations in tray efficiency due to factors influencing K,, data available 
in the literature for the absorption of carbon dioxide in monoethanolamine were considered. 
These showed that the liquid film was controlling and that for a packed column at constant 
liquid rate the absorption coefficient could be satisfactorily expressed by an equation that 
resembles somewhat equations which have been developed for the effect of rapid second- 
order reactions on k;. However, the observed effect of carbon dioxide partial pressure in 
the gas is not so great as the theoretical equations would predict. 

By use of the equation mentioned above to predict K,, satisfactory correlation of ob- 
served plate efficiencies is obtained for a commercial column over a considerable range of 
conditions. It appears that the correlation can be extended to other pressures, flow rates, 


and column designs by an evaluation of the effect of these variables on A/V and K,. 


The estimation of plate efficiencies has 
only recently been approached from a 
theoretical basis, and for the general 
cases of distillation and physical absorp- 
tion some success has been noted. The 
effect on plate efficiency of chemical 
reaction in the liquid phase has appar- 
ently been given little attention, although 
a large number of industrial absorption 
operations depend upon processes of this 
type. 
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Methods of estimating plate efficiency 
based upon an attempted visualization 
of the actual bubbling action at a single 
point have been discussed by Geddes (6), 
West et al. (20), Chu (2, 3), and others. 
The problem of predicting the effect of 
chemical reaction upon absorption has 
been treated by Sherwood and Pigford 
(14); by Van Krevelen and Hoftijzer (17); 
and recently by Perry and Pigford (12), 
who used a digital computer to solve the 
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diffusion equations for the case of second- 
order reactions. The ultimate answer to 
the calculation of plate efficiency in the 
presence of chemical reaction would be 
to determine the effect of the reaction on 
the liquid-film coefficient by means of a 
fundamental treatment and, subsequently, 
to relate both liquid and gas film co- 
efficients to the plate efficiency through 
an accurate analysis of phenomena occur- 
ring in the bubble zone. Unfortunately, 
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it does not appear that this can be accom- 
plished at the present time because of a 
lack of data on reaction kinetics and 
because’ of some fundamental inade- 
quacies in the knowledge of what happens 
on bubble trays. It is therefore proposed 
that the problem be handled by an 
empirical technique. 

The absorption of carbon dioxide by 
monoethanolamine solutions is an impor- 
tant commercial process particularly with 
regard to gas purification and dry-ice 
manufacture. In either application it is 
necessary to predict the number of 
plates required to effect the desired 
removal of carbon dioxide from the gas 
and to ascertain the degree of saturation 
which can be expected in the solution. 

Equilibrium data for carbon dioxide 
over a typical aqueous monoethanolamine 
solution (15%) are presented in Figure 1. 
This chart is based on a cross plot of the 
data of Lyudkovskaya and Leibush (8), 
Mason and Dodge (1/0), and Reed and 
Wood (13). As can be seen for conditions 
encountered in the absorber, at solution 
concentrations below about 0.5 mole of 
carbon dioxide/mole of monoethanol- 
amine and temperatures below about 150° 
F., the equilibrium partial pressure of 
carbon dioxide over the liquid is negli- 
gible. Stoichiometrically, 0.5 mole of 
carbon dioxide would be expected to react 
with 1 mole of monoethanolamine in 
water to form the compound monoetha- 
nolamine carbonate. 

Although the liquid film resistance is 
apparently controlling in this system, 
gas-phase plate efficiency has been con- 
sidered because the degree of carbon 
dioxide removal from the gas stream is 
normally more important than the 
solution concentration change per plate 
and because the gas-phase driving force 
can be estimated more readily. If it is 
assumed that the equilibrium at the 
interface is one of physical solubility, for 
which Henry’s Law applies, and the 
concentration of molecular carbon dioxide 
in the body of the liquid is zero, the 
driving force in the liquid for unreacted 
carbon dioxide will be proportional to 
the carbon dioxide partial pressure. 


BASIC EQUATIONS 


The assumption of zero vapor pressure 
over the solution at equilibrium simplifies 
the efficiency equation. The equation for 
point efficiency on any tray becomes 


Yns1 — Yn 
Bog 
Yn+1 


where 

Eog = Murphree point efficiency based 
on gas 

Yn+1 = mole fraction CO: entering point 
on tray n (leaving n + 1) 


Yy, = mole fraction CO, leaving point 
on tray n 
Vol. 2, No. 2 


Integration of the basic rate equation can 
be shown to yield an equation of the form 


K,aPh 


In (1 N 


(2) 


where 


K, = over-all mass transfer coefficient 

a = interfacial area per foot of depth 
P = total pressure 

h = height of contact zone 

N = gas rate, moles per unit cross-sec- 
tional area 


which may be simplified to 
KygARTA 


(3) 


Bae 1 


in which A equals ah, the interfacial area 
per tray, 7’, is the absolute temperature, 
and V is the actual volumetric gas rate. 

For the carbon dioxide—monoethanola- 
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CO, VAPOR PRESSURE, ATMOSPHERES 


0.1 0.2 0.3 04 0.5 0.6 07 
CO, CONCENTRATION IN SOLUTION, MOLS CO, /MOL MEA 
Fig. 1. Vapor pressure of carbon dioxide 


over 15% monoethanolamine (approx. 
2.5M). 


mine system, the gas composition in 
equilibrium with the solution leaving 
each tray is essentially the same as it is 
with respect to the solution at any point 
on the tray, i.e., zero carbon dioxide. The 
Murphree vapor efficiency Hy,y is there- 
fore equal to the point efficiency Eog 
expressed by the foregoing equations. 

It is believed that A/V, the ratio of the 
area of surface formed to the actual 
volume rate of gas passed, is relatively con- 
stant for any given tray operating near 
design flow rates. For approximate 
efficiency estimates, it appears that an 
empirical correlation of A/V with phys- 
ical properties of the system and operat- 
ing characteristics of the tray is more 
satisfactory than an attempted theoretical 
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analysis. With columns operating at the 
same pressure and employing approxi- 
mately the same vapor velocity and tray 
design, it is convenient to assume that 
A/V isa constant. K,(A/V) can then be 
correlated much the same as K,a for 
packed towers. 

The over-all coefficient K, is related to 
the individual coefficients by 


j 


g 


where the Henry’s Law constant H refers 
to physical absorption at the interface 
and k, represents the coefficient for the 
transfer of molecular carbon dioxide away 
from the interface. Because of the 
chemical reaction occurring in the liquid, 
k, is greater than would be predicted for 
simple physical absorption. However, the 
observed low plate efficiencies of 8 to 25% 
indicate that the liquid film is largely 
controlling, as columns operating with 
gas film controlling (absorption of am- 
monia, evaporation of water) give plate 
efficiencies of 80% and higher. 

On the basis of observed efficiencies, it 
is estimated that the liquid-film resistance 
comprises from 85 to 95% of the total for 
efficiencies typically encountered in the 
carbon dioxide absorption units. For the 
purpose of developing an empirical cor- 
relation, it is therefore assumed that 
1/K, is essentially equal to H/k,. It 
should be noted, however, that k, becomes 
more important at higher tray efficiencies 
and this simplification would introduce 
an appreciable error for cases where the 
total tray efficiency exceeds about 25%. 


EVALUATION OF K, 
Effect of Carbon Dioxide Concentration 


The data of Shneerson and Leibush (16) 
are valuable in establishing the nature of 
the reaction between carbon dioxide and 
dilute amines. They show K,a for a 
packed column to decrease linearly with 
carbon dioxide concentration in the solu- 
tion, approaching zero at concentrations 
equivalent to about 0.5 mole of car- 
bon dioxide/mole of monoethanolamine 
(MEA). This effect was also noted by 
Comstock (5). These studies were made 
at atmospheric pressure with relatively 
low carbon dioxide partial pressures, 
conditions under which a concentration 
of 0.5 mole of carbon dioxide/mole of 
monoethanolamine is a fair approxima- 
tion of equilibrium. The relation un- 
doubtedly does not hold at very high 
carbon dioxide partial pressures, for 
which the equilibrium concentration may 
be 0.7 mole of carbon dioxide/mole of 
amine or even higher. It is therefore sug- 
gested that for high-pressure operations 
the effective amine concentration be con- 
sidered proportional to the difference 
between the equilibrium concentration of 
carbon dioxide and the actual concentra- 
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Fig. 2. Effect of carbon dioxide partial 
pressure on K,a in packed column. 


tion of carbon dioxide in the body of 
the liquid (C. — C). 


Effect of Amine Concentration and Viscosity 


With increased amine concentration, 
Shneerson and Leibush found K,a to 
increase up to 6 or 7 molar, then to 
decrease sharply. The latter effect is 
probably due principally to the viscosity 
increase, although it is expected that the 
decreased ionization of the amine at 
higher concentrations may also affect the 
transfer coefficient. In the region of con- 
centrations normally used commercially 
(2 to 5 molar) K,a appears to vary 
directly with amine concentration when 
corrected for viscosity change according 
to the relationship K,a ~ M/p°-8* where 
M is the amine concentration. Viscosity 
data for lean monoethanolamine solu- 
tions are available in the literature(1). 
The presence of carbon dioxide in the 
solution increases the viscosity somewhat; 
however, no published data on the rela- 
tionship are available. For estimating 
purposes, it was assumed that the solu- 
tion viscosity increased about 0.3% for 
each volume of carbon dioxide absorbed 
per volume of solution—a relationship 
indicated by limited tests on a 30% 
solution. 


Effect of Temperature 


Shneerson and Leibush (16) conducted 
tests at several temperatures ranging 
from 77° to 167°F. and found that K,a 
increased with increased temperature up 
to 122°F. and leveled off or decreased in 
the range from 122° to 167°F. If the 
increase in the lower range is assumed to 
be due to viscosity change alone, it would 
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be required that K,a be proportional to 

This is the same exponent observed by 
Walter and Sherwood (19) for the effect 
of viscosity change due to temperature 
variation on H,, (height of a liquid-phase 
transfer unit) for the desorption of carbon 
dioxide from water in a plate column. It 
is quite probable that the effect due to 
increased temperature is the result of 
viscosity decrease, reaction-rate increase, 
and other physical changes. 

The data of Shneerson and Leibush (16) 
were plotted as K,ap-* vs. J’ °F. to 
determine the function of temperature 
after removal of the effect due to vis- 
cosity. This plot indicated that K,a varies 
as €9-677 at constant viscosity. This may 
be compared with e-°-°87 reported by 


have approximately the same exponent 
in its effect on k, in either plate or packed 
columns. 


Carbon Dioxide Partial Pressure 


The packed-column absorption data 
also show a marked effect of carbon 
dioxide partial pressure on K,a. A de- 
crease in k, with increased concentration 
of carbon dioxide at the interface is pre- 
dicted by Sherwood and Pigford (14) for 
a rapid second-order irreversible reaction. 
If, for example, it is assumed that 
D,4/Dz = 2 where A refers to carbon 
dioxide and B refers to monoethanola- 
mine, these authors show that if a rapid 
second-order reaction occurs, 


= 1 + (1/2)(q/Ca,) (5) 


| 
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Fig. 3. K,a correlation for packed column. 


Sherwood and Pigford (15) as the effect 
of temperature on H,. Their exponent, 
however, also includes the effect due to 
viscosity change with temperature. It 
should be pointed out that the foregoing 
relationship for effect of temperature on 
K,a in carbon dioxide absorption, using 
monoethanolamine solutions, was found 
to hold reasonably well up to about 125°F. 
Above this point, increased temperature 
was found actually to decrease K,a so 
that use of the relationship must ob- 
viously be limited accordingly. 

It cannot be expected that viscosity 
will have exactly the same effect upon K, 
in a plate column as it would upon K,a 
in a packed absorber. However, it is of 
interest to note that a for packed columns 
is not generally considered to vary with 
viscosity, and studies with bubble-cap 
absorbers (15) indicate that the interfacial 
area in such devices is also unaffected by 
viscosity. If, then, the principal effect of 
viscosity change is on diffusion in the 
liquid film, it can be expected that yu will 
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to a close degree of approximation. In 
this equation k,’ represents the liquid- 
film coefficient if no reaction occurs, 4 
refers to the concentration of B (unre- 
acted monoethanolamine) in the body 
of the liquid, and C4, refers to the con- 
centration of A (carbon dioxide) at the 
interface. For the carbon dioxide—mono- 
ethanolamine system, q¢ is approximately 
equal to 2(0.6 — C)M. According to 
Equation (5), at very low partial pres- 
sures of carbon dioxide it is possible for 
k, to become so large that the gas film 
would become controlling, and at very 
high partial pressures the liquid-film 
coefficient would approach that for no 
reaction. 

The absorption of carbon dioxide in 
aqueous monoethanolamine solutions ap- 
parently does not follow Equation (5) 
exactly, as the carbon dioxide partial 
pressure has not been found to have so 
great an effect on K,a as does the amine 
concentration in the region of partial 
pressures investigated. Instead of an 
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Fig. 4. Composition profile for commercial 
absorber. 


approximately linear relationship with 
respect to 1/C,4, (or 1/p), K,a appears to 
vary with e-3-47, as shown in Figure 2. 
However, there is serious doubt that the 
coefficient would continue to decrease at 
the same rate at very high partial pres- 
sures of carbon dioxide, and so use of 
this equation appreciably above the range 
of the data may not be warranted. 
Insufficient data are available to prove 
or disprove the expression for absorption 
in bubble-tray equipment, but as the 
effect is apparently related to absorption 
through the liquid film, it seems reason- 
able to assume that a similar relationship 
holds. 


Over-all Equation for K,a 


The various factors discussed above 
would yield an over-all equation for the 
absorption of carbon dioxide in aqueous 
monoethanolamine solutions in a packed 
tower at constant liquid rate of the form 


B(O.5 C)] Me°: 0067 T—3.4p 


K,a = 0-65 (6) 


All the Shneerson and Leibush (16) runs 
for which sufficient data are available 
have been correlated by use of this 
equation, and B is indicated to be equal 
to 3.7. These data were obtained with a 
l-in.-diam. column packed with 5- to 
6-mm. glass rings at a liquid flow rate of 
695 lb./(hr.) (sq. ft.) and for gas velocities 
varying from 0.09 to 0.55 ft./sec. 

Somewhat better correlation of the 
data is obtained with the equation 


[1 + 5.7(0.5 — C)M 


(7) 
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Fig. 5. Plate-efficiency diagram for run 29, solution 14.5 monoethanolamine, solution 
analyses at plates indicated. 


A plot of the observed K,a vs. that cal- 
culated by this equation is given in 
Figure 3. Comparison of this equation 
with that given by Sherwood and Pig- 
ford (14) and described above for a rapid 
second-order irreversible reaction indi- 
cates that if the concentration of reactive 
amine q were reduced to zero (by M 
becoming 0 or by C becoming 0.5), K,a 
would be the same as for physical 
absorption, in this case equal to 0.56/p°-*8. 


Absorption in Plate Columns 


For the case where Ey;y is the same 
for each plate in a column and both 
operating and equilibrium lines are 
straight, an equation has been developed 
which enables the number of actual plates 
to be calculated (9). For the highly 
simplified case where the equilibrium line 
lies on the x axis (m = 0 and y. = 0), 
the equation reduces to the expression 


In 
(8) 


Combining with Equation (8) yields an 
expression for K,(A/V) in terms of the 
inlet and outlet gas composition 


x(t) - 


n = number of plates 
yi = composition of the feed gas 
y2 = mole fraction of solute in gas leaving 


In 
nRT (9) 


where 


Operating data from a 4-ft.-diam. com- 
mercial absorber have been analyzed by 
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use of the foregoing equation. The column 
contained sixteen trays at 2-ft. spacing 
with fifteen rectangular caps per tray. 
The design employed for the caps and 
overflow weir resulted in an average slot 
submergence of about 3 in. during normal 
operation. Gas rate through the column 
varied from about 0.6 X 10* to 3.3 X 10° 
std. cu. ft./day with the majority of runs 
made at a gas flow rate of approximately 
3 X 10®std. cu. ft./day. The lean-solution 
flow rate varied from 120 to 180 gal./min. 
with most runs at about 160 gal./min. As 
plate-efficiency calculations were based 
entirely on analytical data, exact flow 
rates were not measured during each 
sampling period; however, occasional 
checks indicated material balances within 
about 5%. For the run illustrated by 
Figures 4 and 5, for example, the gas flow 
to the column was indicated to be 
2.89 X 10° std. cu. ft./day and the lean- 
solution rate 152 gai./min. (of 14.5% 
monoethanolamine). On the basis of the 
gas-composition change from 13.7 to 
1.0% carbon dioxide and the aforemen- 
tioned gas rate 40.8 moles of carbon 
dioxide was absorbed from the gas/hour. 
This may be compared with 42.3 moles/ 
hour indicated absorption on the basis of 
the solution rate and composition change 
from 0.050 to 0.283 mole carbou dioxide/ 
mole monoethanolamine. (See Figure 5.) 

As most of the data were for a gas 
flow rate of approximately 3 X 10° std. 
cu. ft./day through this column, the factor 
A/V was taken as unity for this rate, and 
K,(4/V) values based upon Equation (9) 
were correlated on the basis of an equation 
of the general form of (7) above. Equa- 
tion (9) is, of course, most nearly correct 
for small sections of the column in which 
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Fig. 6. Determination of K,(A/V) equation 
for carbon dioxide absorption in plate 
columns. 


it can be expected that the change in 
efficiency will not vary greatly. Available 
column-profile data were therefore con- 
sidered first to determine the approximate 
efficiency range occurring throughout the 
column. A typical composition profile is 
shown in Figure 4. Because of the manner 
in which gas and liquid composition 
varied with column height, log mean 
values of these variables were used to 
express average conditions in column 
sections. A plate-efficiency diagram is 
shown in Figure 5 for a profile based upon 
solution analyses at three points in the 
column, plus inlet and outlet conditions. 
As can be seen, the efficiency variation 
was not very great throughout the entire 
column. This was due principally to the 
relatively small liquid-concentration 
change occurring in the test tower and is 
not generally true of plants of this type. 

A study of the profile data indicated 
that for this particular operation over-all 
efficiencies could be used for correlation 
purposes. This would permit use of test 
data covering a much wider range of 
conditions. A summary of these data is 
presented in Table 1.* The temperature 
given for each run represents a simple 
average between the feed and exit solu- 
tion temperatures. Solution viscosity at 
this average temperature was used for 
correlation purposes. K,(A/V)°-®8, based 
upon the observed efficiency, was first 
plotted against (0.6 — C)M ¢9-00677-3.4p 
for average conditions in the column to 
obtain the intercept and slope. This plot, 


*Table 1, as published, presents sample runs. 
Data for the complete series of forty-three runs may 
be obtained as document 4794 from the Photodupli- 
eation Service, American Documentation Institute, 
Library of Congress, Washington 25, D. C., for $1.25 
for photoprints or 35-mm. microfilm. 


Page 268 


] T T T 14 
NS 
"as 
= SS 
= 
T ~~ 8 
|---DATA OF VAN KREVELEN AND HOFTUZER") FOR ORIFICE 
ATMOSPHERIC PRESSURE ABSORBER a 
| 2173 PSIG ABSORBER, | 


16 
LINEAR VELOCITY OF GAS THROUGH SLOTS (OR ORIFICE) Ft/ SEC. 
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columns. 


which is given in Figure 6, indicated that 
K,(A/V) for these operations can best be 
expressed by the equation 


g V 


(10) 
-[1 + 1.2(0.5 — 


Points representing small sections of the 
column derived from profile data are 
also shown on the chart. As the profile 
points represent only five runs and 
because they are somewhat less certain, 
owing to the large effect of minor analyt- 
ical errors on observed K,(A/V) for the 
column sections, the position of the line 
was based on the over-all column data. In 
order to use the data from a few tests in 
which the operating temperature was 
above the range for which the relationship 
K, ~ e°-%87T was known to hold, it was 
assumed that the temperature effect had 
an equal reverse slope above 125°F. A 
corrected value for 7 was therefore used 
for these high-temperature runs, obtained 
by subtracting from 125°F. a figure equal 
to the number of degrees by which the 
actual temperature exceeded 125°F. This 
relationship is not included in the final 
correlation because of its uncertainty. 
Comparison of Equation (10) with the 
analogous one obtained for the packed- 
column data [Equation (7)] reveals that 
the portion of the equation which repre- 
sents the influence of the reaction is 
appreciably smaller in the case of the 
plate columns. The reason for this is not 
known, although it is possible that the 
use of, data representing several trays or 
the entire column, instead of point con- 
ditions, may have contributed to this 
effect. 
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Effect of Gas Rate 


It was noted that at low gas velocities 
in the atmospheric-pressure carbon diox- 
ide absorber appreciably higher efficiencies 
were obtained. The increased efficiency 
was considerably above what could be 
expected on the basis of decreased carbon 
dioxide concentration in the liquid. Data 
from a high-pressure column (which was 
designed for a lower gas velocity) also 
showed appreciably higher efficiency at 
design conditions than the low-pressure 
absorber operated at its design gas rate. 

As bubble size and, in fact, the bubbling 
mechanism on the plate are greatly 
influenced by gas rate, it is expected that 
this would be an important variable. 
Although the data are inadequate for a 
satisfactory analysis, they show a definite 
trend which may be of value in utilizing 
the basic correlation for other columns. 
These data are plotted in Figure 7 as 
the A/V factor vs. the linear velocity of 
gas through the bubble-cap slots. The 
A/V factor was obtained by dividing 
K,(A/V), based on observed column 
efficiency, by the K,(A/V) obtained by 
the use of Equation (10). This, of course, 
results in an average A/V factor of 1.0 
for the runs used as a basis for the equa- 
tion. 

For comparison purposes, a curve has 
been included on the figure which is 
based upon the data of Van Krevelen 
and Hoftijzer (18) for air bubbles formed 
at a single orifice 2.3 mm. in diam. sub- 
merged in water and in glycerol solutions. 
This curve indicates the effect of linear 
velocity through the orifice on the surface 
area of the rising bubbles per unit rate 
of gas flow. The values have been calcu- 
lated for a 3-in. liquid depth to make the 
work more comparable with the commer- 
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CO, in gas Exyy, avg. 
observed, 
tun Ya % 

1 0.0940 0.0190 9.5 
6 0.0960 0.0140 VS: 
11 0.0950 0.0085 14.0 
16 0.0950 0.0080 14.3 
21 0.1350 0.0185 11.6 
26 0.1058 0.0060 16.2 


APPROXIMATELY 36 Fr./Src. 


CO, in soln., 


1A. ATMOSPHERIC-PRESSURE ABSORBER (SIXTEEN TRaAys 48-1n. I.D., 24-1n. Tray Spactnc)—Gas Rate Constant—S tor VeLocity 


moles/mole MEA MEAconc. Temp., °F., K,(A/V) K,(A/V) E yy, avg. 
molarity, avg. in observed, calculated, calculated, 
In Out column xX 10 x 10-4 % 

0.068 0.244 Lis 92 2.49 2.39 9.16 
0.079 0.300 1.53 127 2.82 3.13 12.49 
0.135 0.256 2.70 108 3.54 3.24 12.52 
0.119 0.219 3.60 104 3.76 3.73 14.18 
0.046 0.274 2.16 109 3.00 3.11 12.07 
0.053 0.230 2.21 147 4.06 3.91 15.89 


TaBLE 1B. ATMOSPHERIC-PRESSURE ABSORBER—PROFILE Data—Gas Rate Constant—Stior Ve APPROXIMATELY 35 Fr./Sec. 


CO, in gas Eyy, avg. CO. in soln. MEA conc. Temp. K,(A/V), K,(A/V), Evxyv, avg., 
Plate observed, meancone., molarity, (avg.), observed calculated calculated, 
Run section Yr Yo % moles/mole M “F. x 1074 xX 10-4 q 
MEA 
29 1-4 0.0205 0.0100 16.40 0.058 D5 Ti 133 4.16 5.09 19.8 
5-8 0.0403 0.0205 15.52 0.084 2.37 135 3.89 4.79 18.6 
9-12 0.0752 0.0403 14.37 0.132 2.37 137 3.00 4.56 17.9 
13-16 0.1370 0.0752 13.89" 0.223 2.37 139 3.43 3.47 14.0 
31 1-4 0.0260 0.0160 11.43 0.061 2.32 113 2.91 4.01 12.8 
5-8 0.0458 0.0260 13.18 0.090 2.32 118 3.36 4.16 16.1 
9-12 0.0818 0.0458 13.49 0.145 2.32 123 3.41 3.67 14.4 
13-16 0.1340 0.0818 11.61 0.246 2-32 127 2.89 2.88 11.6 
TABLE 1C. ATMOSPHERIC-PRESSURE ABSORBER—GAS RATE VARIABLE 
CO; in soln., 
CO, in gas Eyy, avg. moles/mole MEA MEA Temp. K,(A/V), Slot (A/V), K,(A/V), Exyv, avg., 
observed, cone. (avg.), observed velocity, factor calculated calculated, 
Run YA Yo % In Out M xX 10-4 ft./sec. x % 
35 0.0935 0.0025 20.2 0.084 0.111 1.75 90 5.65 4.6 2.60 6.79 22.9 
37 0.0960 0.0050 16.8 0.093 0.195 1.79 97 4.55 14.4 1.53 4.04 15.0 
40 0.1020 0.0100 13.5 0.148 0.234 3.32 103 3. 54 24.6 1.00 3.34 12.7 
1D. ABSORBER (SIXTEEN Trays 84-1N. 24-1n. Tray Spactnc) 173 Ls./Sq. In. GAuGE 
CO, in soln., 
CO, in gas Eyy,avg., moles/mole MEA MEA Temp. K,(A4/V), Slot K,(A/V), Evy, avg., 
observed, cone., (avg.), observed velocity, (A/V) ealculated calculated, 
Run WA Yo % In Out M 7 x10 ft./see. factor x 10-4 % 
43 0.0641 0.003 1a pes 0.204 0.529 2.34 115 4.57 9.0 ye 4.32 16.5 


cial-column data. In view of the wide 
divergence in conditions between the 
plate-column operations and the Van 
Krevelen and Hoftijzer (18) experiments, 
it is interesting to note that the same 
general shape of curve is obtained. 

Further indications of the effect of gas 
velocity are presented by the data of 
West et al. (20), who show that the inter- 
facial area for bubble-cap plates used in 
the desorption of oxygen decreased 
markedly with increased air rate. 

It cannot be expected that results from 
the high-pressure column will be in close 
agreement with those from the atmos- 
pheric absorber, as the high-pressure plant 
operated on a gas stream which contained 
hydrogen sulfide in addition to carbon 
dioxide and attained a much higher 
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degree of saturation of the solution. The 
position of this point with respect to the 
line may therefore be more of a coinci- 
dence than evidence of a good correlation. 

By use of the curve shown on Figure 7 
to correct (A/V) for all tests in the atmos- 
pheric column at gas rates appreciably 
different from design and for the test 
in the high-pressure column, K,(A/V) has 
been estimated for all runs and converted 
to Eyy by use of Equation (3). These 
values are compared to the observed Ey,y 
calculated from the inlet and outlet gas 
compositions by use of Equation (8) in 
Figure 8. 


Effect of Slot Submergence 


In the commercial-column tests de- 
scribed herein, the slot submergence 


A.1.Ch.E. Journal 


(height of liquid above the centers of 
bubble-cap slots) varied within a rela- 
tively narrow range (i.e., 3 to 4 in.) and 
so an accurate evaluation of the effect 
of this factor on efficiency was not pos- 
sible. If the correlation were to be applied 
to columns of appreciably different 
design, however, it is apparent that the 
effect of slot submergence would have to 
be considered. Various investigators have 
studied this variable and in general 
agreed that increased submergence pro- 
vides an increased efficiency. Walter and 
Sherwood (19) suggest a general equation 
in which the contact is assumed to be 
proportional to h (height of solution 
above slot centers). Geddes (6) used the 
height of liquid over the midpoint of the 
slot opening under operating conditions 
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| 
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CALCULATED PLATE EFFIGENCY (Ey), AVERAGE 
Fig. 8. Plate-efficiency correlation for car- 
bon dioxide absorption in plate columns. 


and assumed that the time of contact 
would be proportional to this height. 
Chu et al. (4) analyzed the data of Peavy 
and Baker (1/1) and determined a factor 
B for correcting over-all plate efficiencies 
for effective submergence. Their correla- 
tion leads to the conelusion that a zero 
effective slot depth (static submergence 
plus one-half slot height) would result in 
a plate efficiency equal to 87% of that 
calculated for a 0.7-in. submergence, and 
a 2.5-in. depth would result in an effi- 
ciency equal to 143% of the base value. 
In a more recent article by Chu et al. (2) it 
is pointed out that a substantial portion 
of the mass transfer appears to occur 
in the bubble-formation zone where the 
gas jets through the slots at high veloc- 
ities. This would indicate a tallacy in 
assuming the interfacial area or the time 
of contact to be directly proportional to 
liquid height above the slots. 


SUMMARY 


For the absorption of carbon dioxide in 
aqueous solutions of monoethanolamine 
in bubble-plate columns, it is proposed 
that the Murphree vapor-phase efficiency 
Ey y be calculated from the equation 


—Kg(A/V)RT 
Euy 


K,(A/V) for the specific column tested, 
at a gas rate which results in a superficial 
velocity of about 35 ft./sec. through the 
bubble-cap slots, can be estimated from 
the equation 


K(4) 0.68 


+ 1.20.5 — 
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The indicated temperature effect holds 
only up to about 125°F.; so the equation 
should not be used above this value unless 
a suitable correction is applied. For high- 
pressure operations, it appears that the 
value (0.5 — C), which indicates the 
fraction of amine unconverted, should be 
replaced by (C. — C) where C, is the 
concentration in equilibrium with the gas. 

The data indicate that K,(A/V) in- 
creases appreciably at decreased gas 
rates, presumably owing to an increase 
in A/V. The magnitude of the A/V cor- 
rection at various gas velocities is indi- 
cated by a plot of the data which includes 
several gas rates in the atmospheric- 
pressure absorber and one operation at 
higher pressure. 

The equation for calculating Zyy can 
be used for single plates or for groups of 
plates where concentration changes are 
not extreme. A simplified equation for 
calculating the number of plates required 
after Ey,~ has been estimated is 


_ __In 
—In (1 — 


n 


This assumes constant plate efficiency 
and no vapor pressure of carbon dioxide 
over the amine solution. If the plate 
efficiency varies appreciably throughout 
the column, a conventional graphical 
method may be employed. 
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NOTATION 


a = interfacial area, sq. ft./(ft. of 
depth) (sq. ft. of tray) or sq. ft./ 
cu. ft. of packing. 

A = ah; contact area, sq. ft./sq. ft. 
of tray 

B,B’ = constants 

C = concentration of carbon dioxide 

in the solution, moles/mole MEA 
C. = equilibrium concentration of car- 
bon dioxide in solution 

D = diffusivity 

Eog = Murphree point efficiency based 
on gas 
Eyy = Murphree vapor efficiency for 
entire plate 
h = height of contact zone, ft. 
= p/C, Henry’s Law coefficient 
k, = gas-film coefficient, Ib. moles/ 
(hr.)(sq. ft.) (atm.) 


K, = over-all gas-film coefficient, Ib. 
moles/(hr.)(sq. ft.)(atm.) 
ky = liquid-film coefficient 
k,’ = liquid-film coefficient based upon 
physical absorption 
m = y/z, slope of equilibrium line 
M = amine concentration of solution 


(molarity, gram moles/liter) 
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number of plates 

total gas rate, moles/(hr.) (sq. ft.) 

partial pressure, atm. 

total pressure, atm. 

concentration of unreacted amine 

in solution 

gas constant 

temperature, °F. 

absolute temperature, °R. 

actual gas volume, cu. ft./ 

(hr.) (sq. ft. of tray) 

y = mole fraction carbon dioxide in 
gas 

b = viscosity, centipoises 


il 


Zs 


Subscripts 
g = gas 
L = liquid 
e = equilibrium 
= interface 
1 = feed condition 
2 = exit condition 


LITERATURE CITED 


1. Carbide and Carbon Chemicals Com- 
pany, “Aliphatic Nitrogen Compounds,” 
p. 24, New York (1952). 

2. Chu, J. C., J. Forgrieve, and G. C. 
Papacosta, presented at Heat Transfer 
Symposium, A.I.Ch.E. Annual Meeting, 
St. Louis, Mo. (Dec. 3-16, 1953). 

3. Chu, J. C., Petroleum Processing, ‘p. 39 
(January, 1951). 

, J. R. Donovan, B. C. Boswell, 
and L. C. Fuhrmeister, Petroleum Pro- 
cessing, p. 154 (February, 1951). 

5. Comstock, C. §., Ph.D. thesis, Yale 
University, New Haven, Conn. (1935). 

6. Geddes, R. L., Trans. Amer. Inst. Chem. 
Engrs., 42, 79 (1946). 

7. Gerster, J. A., W. E. Bonnet, and I. 
Hess, Chem. Eng. Progr., 47, No. 12, 
621 (1951). 

8. Lyudkovskaya, M. A., and A. G. Lei- 
bush, J. Appl. Chem. (U.S.S.R.), 22, 
No. 6, 558 (1949). 

9. Marshall, W. R., and R. L. Pigford, 
“Application of Differential Equations 
to Chemical Engineering Problems,” 
Univ. Delaware, Newark (1947). 

10. Mason, J. W., and B. F. Dodge, Trans. 
Amer. Inst. Chem. Engrs., 32, 27 (1936). 

11. Peavy, C. C., and E. M. Baker, Ind. 
Eng. Chem., 29, 1056 (1937). 

12. Perry, R. H., and R. L. Pigford, Ind. 
Eng. Chem., 45, 1247 (1953). 

13. Reed, R. M., and W. R. Wood, Trans. 
Amer. Inst. Chem. Engrs., 37, 363 (1941). 

14. Sherwood, T. K., and R. L. Pigford, 
“Absorption and Extraction,’ 2 ed., 
p. 317, McGraw-Hill Book Company, 
Inc., New York (1952). 

15. Ibid., p. 309. 

16. Shneerson, A. L., and A. G. Leibush, 
J. Appl. Chem. (U.S.S.R.), 19, No. 9, 
869 (1946). 

17. Van Krevelen, D. W., and P. J. Hof- 
tijzer, Chem. Eng. Progr., 44, 529 (1948). 

18. Ibid., 46, 29 (1950). 

19. Walter, J. F., and T. K. Sherwood, 
Ind. Eng. Chem., 33, 493 (1941). 

20. West, F. B., W. D. Gilbert, and T. 
Shimizu, Ind. Eng. Chem., 44, 2470 
(1952). 


Presented at A.I.Ch.E. New York meeting 


June, 1956 


| — 


ft.) 


nine 


ft./ 


e in 


956 


A Semiempirical Solution for Local Heat 
Transfer Coefficients for Flow in 


Nonparallel Passageways 


P. N. STEVENS and E. F. OBERT 


Northwestern Technological Institute, Evanston, Illinois 


A method, based upon the pertinent flat-plate heat transfer equation, is presented for 
computing the local heat transfer coefficients for a boundary layer subjected to streamwise 
velocity and pressure gradients. No extensive mathematical background is required as the 
complexity of a rigorous solution for this type of problem is avoided. The validity of the 
method for gases is demonstrated by comparison of the predicted coefficients with the 


experimental data for two widely different problems. 


At the present time no good solution 
is available to the engineer for predicting 
the local heat transfer coefficients in a 
passageway with accelerated or deceler- 
ated flow. The empirical Colburn equa- 
tion fails both qualitatively and quantita- 
tively in many problems. Exact solutions 
must satisfy a number of fundamental 
relationships: the integral momentum 
equation, the energy equation, and the 
continuity equation. Too, assumptions 
must be made on the velocity and tem- 
perature profiles as well as approxima- 
tions on skin friction and the relationship 
between heat and momentum transfer. 
Because of these complexities, it is 
doubtful whether an exact solution is 
feasible for many problems where cost 
or time is a factor. 

It is the object of this paper to present 
a simple yet reliable method of analysis 
that can be readily handled by the engi- 
neer for a wide variety of applications. 
The method is based on the appropriate 
flat-plate equation for local heat transfer 
coefficients without pressure gradient— 
appropriate in the sense that the type of 
flow is similar to that of the analysis. 


METHOD 


1. Select from the literature a flat-plate 
equation which is known to be accurate 
for turbulent (or laminar) flow and for 
the fluid under consideration. 

2. Extend the equation to include 
variable velocity by differentiation: 


oh oh oh 
dh dx + au ap dp 
Vol. 2, No. 2 


For the turbulent-flow examples of this 
paper the flat-plate equation of Eckert (1) 
was selected: 


(For the examples to follow all properties 
were evaluated at the mean local film 


0.0296 


St = = 


This equation can be arranged into the 
form 

Re° 2 + N Re° 


The partial derivatives of h are as follows: 


ah _ 92 Re? + 0.1N 


dh E Re’? + 0.9N 


98 + 0.9N 
dp [Reo ? + N 


3. When the leading-edge coefficient is 
infinite (the usual case), utilize the flat- 
plate equation to obtain an initial coeffi- 
cient near the leading edge. The choice 
of this initial increment is arbitrary but 
should be as small as practical, say, 
1/100 in. 

4. Select increments throughout the 
passageway (10 steps are usually suffi- 
cient) and find he, ete.: 


oh 


he — hy Ox 
oh oh 
+ aU Al + ap Api2 
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1+ —1)+5h 


5Pr + 
6 


temperature and flow conditions assumed 
to be isentropic.) 

Note that the qualitative change in h 
can in part be rationalized by inspection 


of dh: 


oh 
dh = an + ay aU + ap dp 


In the convergent section of a nozzle the 
first two terms are significant, with the 
velocity term being predominant except 
near the leading edge, where the first 
term is of prime importance. The third 
term is relatively small until the region 
near the throat is reached, but then large 
negative values of this term cause the 
maximum coefficient to be realized 
immediately before the throat. After the 
throat the density term is the controlling 
factor and the coefficient rapidly de- 
creases in value. These effects, of course, 
are further influenced by the pressure 
gradient, and this influence is neglected 
in this analysis. 


COMPARISON WITH EXPERIMENTAL DATA 


The proposed method was used to 
predict coefficients for two widely differ- 
ent flow problems recently investigated 
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Fig. 1. Local heat transfer coefficients h for a nozzle with accelerated velocities 
(outlet velocity at mach 2), 
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Fig. 2. Local heat transfer coefficients h for a flat plate with accelerated and decelerated 
subsonic velocities. 


by Bartz (2) and by Seban and Doughty 
(5). In the Bartz problem the flow was 
accelerated to supersonic velocities with 
the pressure continually decreasing in the 
direction of flow (negative pressure 
gradient) ; in the Seban-Doughty problem 
the flow was accelerated to a subsonic 
velocity (negative pressure gradient) and 
then decelerated (positive pressure gradi- 
ent). 

Bartz made a rigorous, but complex, 
analytical solution for the flow of com- 
bustion gases at high temperature (4,000 
°F.) through convergent-divergent 
nozzle. Although not included in the 
paper, experimental data (4) were ob- 
tained for a nozzle which was the proto- 
type of the analytical solution. The range 
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of values of these data at the throat of 
the nozzle is shown in Figure 1, along 
with Bartz’s predictions (his Case IIa) 
and those made by the relatively simple 
analysis of this paper. The proposed 
method and the Colburn equation yield 
results on the low side, while the results 
of Bartz’s method* are on the high side 
of the experimental data. It would 
appear for this particular problem that 
the deviations of the two methods from 
the correct values are probably quite 
comparable. 

Seban and Doughty experimentally de- 


_ *Bartz has recently made (private communica- 
tion) a second caleulation which reduces his throat 
value to 2.35 (10-4), 
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termined local heat transfer coefficients 
over the surface of a flat plate which ‘was 
located in the converging-diverging sec- 
tion of a wind tunnel. The experimental 
and analytical results for their run 99 
are shown in Figure 2 along with values 
calculated by the methods of this paper 
(5). By the proposed method both quali- 
tative and quantitative correlations are 
obtained with the experimental data. 

The Colburn coefficients calculated by 
Seban Doughty (Figure 2) correlate 
reasonably well with their experimental 
data in the accelerated-flow region. The 
Colburn coefficients are in neither qualita- 
tive nor quantitative agreement with the 
experimental data over the whole flat 
plate. 

It should be mentioned that the close 
quantitative correlation of the proposed 
method with the Seban-Doughty data is 
somewhat surprising. Qualitative agree- 
ment was expected from the differentia- 
tion procedure and step-by-step solution. 
But the flat-plate equations should not 
reflect strong pressure gradients as the 
data are for zero gradients. Thus the 
proposed method should predict values 
on the low side in the regions of acceler- 
ated flow and values on the high side in 
regions of decelerated flow. It is believed, 
however, that the results will be superior 
in most cases to those from the Colburn 
equation. 


NOTATION 
cy, = heat capacity at constant pressure 
h = local heat transfer coefficient 
N = 5(Pr — 
oPr+1 
+ 5 
6 
Nu = Nusselt number 
Pr = Prandtl number 
Q = 0.0296 c, 
pu, 
Re = Reynolds number 
St = Stanton number 
U = local-main-stream velocity 
x = distance from the leading edge 
x, = nozzle length 


Greek Letters 


p = density 
“== viscosity 
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Diffusion Coefficients in Hydrocarbon Systems 


n-Heptane in the Gas Phase of the Ethane—n-Heptane and Propane—n-Heptane Systems 


Because little information is available concerning the behavior of hydrocarbons under 
conditions far from equilibrium, it appears desirable to obtain data for the diffusion coeffi- 
cients of the lighter hydrocarbons in the gas phase. 

The Maxwell diffusion coefficients of n-heptane in the gas phase of the ethane-n-hep- 
tane and propane-n-heptane systems were measured at temperatures from 100° to 220° F. 
and for pressures up to 60 lb./sq. in. The Fick diffusion coefficient was calculated as a 


function of state from these measurements. 


The experimental results indicate that the interfacial resistance between the liquid 
and the gas phases into which the transport was taking place is small. It was found that 
pressure exerted a significant influence upon the Maxwell diffusion coefficient for both of 
the binary systems investigated. There is a marked decrease in the Maxwell diffusion 
coefficient with an increase in molecular weight of the stagnant component. 


The evaluation of material transport in 
the gas phase as a result of a concentra- 
tion gradient was placed on a surprisingly 
satisfactory basis by Maxwell (12) and 
Stefan (18-21). Chapman and Cowling 
(7) extended their treatment to include 
the effects of composition upon the diffu- 
sion characteristics of gaseous mixtures. 
Jost (9) reviewed the status of diffusion 
in gases, liquids, and solids. Kirkwood 
and Crawford (10) outlined the basic 
transport characteristics of homogeneous 
systems. A discussion of the application 
of diffusion coefficients was presented by 
Sherwood and Pigford (17). The relations 
of the several diffusion coefficients were 
recently reviewed (13) and it does not 
appear necessary to consider further the 
background of diffusion in gases beyond 
that associated with the paraffin hydro- 
carbons. 

Wilke (22) reviewed the status of pre- 
diction of diffusion coefficients for the 
lighter gases and supplemented available 
correlations for gases at atmospheric 
pressure. Schlinger (16) established diffu- 
sion coefficients for n-heptane and n-hex- 
ane in air and reviewed the literature 
concerning the experimental determina- 
tion of Maxwell diffusion coefficients. The 
coefficients for n-heptane in the gas phase 
of the methane-n-heptane system at 
pressures up to 60 lb./sq. in. are available 
(5) and measurements of the diffusion of 
n-hexane in the gas phase of the methane- 
n-hexane, ethane-n-hexane, and _ pro- 
pane—n-hexane systems were reported (6). 
In each of these cases it was found that 
the Maxwell hypothesis, with either 
partial pressure or fugacity the 
potential, did not fully describe the 
transport process even at pressures below 
60 lb./sq. in. The present work is con- 
cerned with the measurement of the 


mb T (Le — l.) 


Maxwell diffusion coefficient for n-hep- 
tane in the gas phase of the ethane-n- 
heptane and the propane—n-heptane 
systems for temperatures from 100° to 
220°F. and at pressures from 14 to 60 
lb./sq. in. abs. Throughout this discussion 
and in the associated figures the pressures 
are reported in pounds per square inch 
absolute or pounds per square foot 
absolute. 


METHODS AND APPARATUS 


The experimental approach to this inves- 
tigation involved an adaptation of the 
classical diffusion cell of Stefan (18). The 
gas phase filled the diffusion path and the 
n-heptane was introduced as a liquid into 
the lower part of the chamber through a 
fritted-glass disk. Steady state conditions 
were indicated by the constancy of the 
capillary depression within the fritted disk. 
The concentration of the n-heptane in the 
gas phase at the top of the diffusion cell was 
maintained at a steady value by circulation 
across the top of the cell of a gas phase 
which was at equilibrium with n-heptane 
liquid at 32° F. 

The apparatus, which is rather compli- 
cated, has been described in detail (4, 4). 
Appropriate corrections were made for the 
end effects associated with the introduction 
of n-heptane through the fritted-glass disk 
and its withdrawal by gas circulation at the 
top of the cell. The methods for evaluation 
of these corrections have been described (4). 
The pressures were measured within 0.01 
lb./sq. in. and the temperatures with an 
uncertainty of 0.01° F. relative to the inter- 
national platinum scale. The estimated un- 
certainty in each of the variables pertinent 
to these measurements is available (5). 


It has been shown (16) that for meas- 
urements of this kind the Maxwell 
diffusion coefficient may be evaluated 
from the following expression in which 
T refers to the temperature of the trans- 
port path: 


(1) 
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Equation (1) is based upon an assumption 
that the gas phase is an ideal solution, 
and fugacity is chosen as the potential. 
It takes into account end corrections to 
the length of the diffusion path which 
amounted to less than 1.5% of the average 
transfer distance. The resistance in the 
interface shown in Equation (1) was 
found to be negligibly small and has not 
been presented in this discussion because 
with the accuracy of evaluation of this 
effect attainable its existence was un- 
certain. In any event the total influence 
of the resistance in the interface was in 
no case more than 1% of the total resist- 
ance to transport, and a first order cor- 
rection was made for its influence as 
indicated in Equation (1). 

If the gas phase is treated as a perfect 
gas, Equation (1) assumes the form 


(le — 1.) 


in ( Pie. ) 
Dic + 


If length corrections and interfacial re- 
sistance are neglected, Equation (2) 
assumes the conventional form 


(3) 


The values of the length correction 
were determined from experimental data 
already available (4). It was assumed that 
this correction was solely a function of 
the Reynolds number of the flow at the 
exit to the transport path. The diameter 
of the exit tubes was used as a charac- 
teristic length. In the present instance 
the effective transport length was de- 
scribed by (4). 


l= —4.90X10°™ m, (4) 
— 

In Equation (4) the reference viscosity 
corresponds to that of pure methane at 
100°F. and atmospheric pressure.* The 
viscosity at the state in question was 
determined from available information 
concerning the influence of pressure and 
temperature upon the behavior of meth- 
ane (15). In estimating the viscosity of 
the gas phase no regard was taken of the 
effect of small quantities of n-heptane 
present in the recirculating gas. 


*The dimensional constant 4.90 X 10~‘ is expressed 
in (ft.) (see.) /lb. 
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MATERIALS 


The n-heptane employed for this study 
was obtained as research grade from the 
Phillips Petroleum Company. The air-free 
sample had a specific weight of 42.4229 at 
77° F., which compares satisfactorily with a 
value of 42.417 reported by Rossini (14) for 
an air-saturated sample at the same tem- 
perature. The index of refraction for the D 
lines of sodium was found to be 1.3852, in 
comparison with a value of 1.38517 reported 
by Rossini for 77° F. It appears that the 
sample of n-heptane used in this investiga- 
tion was relatively free of impurities and 
probably contained more than 0.998 mole 
fraction n-heptane. 


TABLE 1. EXPERIMENTAL MAXWELL 
FUSION COEFFICIENTS FOR n-HEPTANE 


Tempera- Diffusion coefficient 
Press- ture 
ure, transport Perfect Ideal 
Ib. /sq. path, gas, solution, 
i. lb. /sec. lb. /sec. 
Ethane-n-Heptane 
2,393 100.56 0.0929 0.0951 
3,620 100.56 0.0986 0.1002 
2,429 99.96 0.1154 0.1173 
2,226 160.60 0.1353 0.1397 
2 ,287 160.50 0.1447 0.1496 
3,019 160.61 0.1377 0.1422 
7,223 160.02 0.1230 0.1289 
4,402 160.01 0.1228 0.1271 
7,353 160.02 0.1096 0.1143 
5,113 190.00 0.1537 0.1617 
7,791 190.05 0.1445 0.1533 
4,422 189.99 0.1451 0.1556 
5,992 219.98 0.1701 0.1834 
8,482 220.05 0.1681 0.1806 
5,071 220.03 0.1738 0.1779 
Propane-n-Heptane 
2,122 100.70 0.0623 0.0636 
2,158 130.57 0.0829 0.0851 
2,314 130.64 0.0881 0.0913 
4,382 130.59 0.0655 0.0684 
4,375 160.59 0.0831 0.0849 
3,058 160.58 0.0945 0.0982 
4,469 160.66 0.0778 0.0817 
6 ,627 160.60 0.0660 0.0702 
6,696 190.63 0.0838 0.0899 
4,392 190.62 0.1038 0.1100 
6 ,644 220.55 0.1256 0.13862 
8,370 220.58 0.0945 0.1032 
4,952 220.66 0.1137 0.1223 
7,137 220.63 0.1130 0.1224 


The sample of ethane utilized in the study 
of the ethane-n-heptane system was ob- 
tained from Phillips Petroleum Company as 
research grade and was reported to contain 
not more than 0.0006 mole fraction impuri- 
ties. A mass spectrometric analysis of this 
sample of ethane indicated that the dried 
material contained less than 0.00028 mole 
fraction of material other than compounds 
containing two carbon atoms. Care was 
exercised to avoid contamination of the 
sample during introduction to the apparatus, 
but no purification of the ethane was made 
other than to dry it over anhydrous calcium 
sulfate. 

The propane was also obtained from 
Phillips Petroleum Company as pure grade. 
This material was subjected to mass spectro- 
metric analysis, and the dried sample was 
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Fig. 1. Effect of pressure upon the Maxwell diffusion coefficient for n-heptane in the gas 
phase of the ethane—n-heptane system. 
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Fig. 2. Effect of pressure upon the Maxwell diffusion coefficient for n-heptane in the gas 
phase of the propane—n-heptane system. 


found to contain less than 0.0002 mole 
fraction of impurities. The impurities pres- 
ent were compounds containing four carbon 
atoms. Before introduction into the diffusion 
apparatus, this material was carefully dried 
by passage over anhydrous calcium sulfate 
at pressures in excess of 100 lb./sq. in. 


EXPERIMENTAL RESULTS 


In the investigation of the Maxwell diffu- 
sion coefficient for n-heptane in the ethane— 
n-heptane and in the propane—n-heptane 
systems, the minimum pressure studied was 
fixed by approach to the vapor pressure of 
n-heptane where uncertainties as to the be- 
havior at the interface became important. 
As a result of the relatively high rate of 
diffusion of ethane and propane into the 
n-heptane liquid some difficulties were expe- 
rienced from the transport of ethane and 
propane through the fritted-glass disk at the 
higher pressures. For example, it was neces- 
sary to limit the measurements at 100° F. to 
pressures below 25 lb./sq. in. Throughout 
the temperature interval investigated it was 
not possible to make measurements at press- 
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ures much below twice the vapor pressure of 
n-heptane at the temperature in question. 

The results of the experimental measure- 
ments with the ethane-n-heptane and the 
propane-n-heptane systems are available 
(3). Each measurement of diffusion coeffi- 
cients required approximately 14 hr. for its 
completion. The information available (3) 
is sufficient to establish the Maxwell diffu- 
sion coefficients of n-heptane in these sys- 
tems when taken with the collateral thermo- 
dynamic properties of the gas phase, the 
vapor pressure, and fugacity of n-heptane. 
The Maxwell diffusion coefficients were cal- 
culated from the available data (3) on the 
basis of Equations (1) and (2) and are 
recorded in Table 1. The difference in the 
Maxwell diffusion coefficients computed on 
the basis of ideal solutions and of perfect 
gases is not significant at the lowest tem- 
perature but becomes of significant interest 
at the higher temperatures. 

The fugacity and compressibility factor of 
n-heptane and the compressibility factors 
of ethane and propane were obtained by 
application of the Benedict equation of state 
(1, 2, 8). The vapor pressure of n-heptane 
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TABLE 2. MAXWELL DirFusION COEFFICIENTS FOR n-HEPTANE IN THE 
ETHANE-n-HEPTANE SYSTEM 


Tem- Pressure, Ib./sq. in. 
perature, 

if De 14.696 20 30 40 50 60 
100 0.1070* 0.1010 0.0920 

130 0.1250 0.1179 0.1081 0.1019 0.0980 0.0979 
160 0.1468 0.1385 0.1280 0.1235 0.1220 0.1220 
190 0.1789 0.1690 0.1565 0.1500 0.1484 0.1520 
220 _— 0.2050 0.1901 0.1840 0.1840 0.1869 


*Maxwell diffusion coefficients expressed in lb./sec. 


| | 


@ INTERPOLATEC 


220% 


!600 


10 20 


MAXWELL DIFFUSION COEFFICIENT, LB. PER SEC 
9 


MOLECULAR 


| 
0 5 


30 
WEIGHT 


0 


Fig. 3. Effect of molecular weight of stagnant component on diffusion coefficients for 
n-heptane. 


was taken from a critical review of Rossini 
(14), supplemented by the experimental 
measurements of Young (23). ‘lhe values of 
vapor pressure employed were associated 
with the temperature of the interface. This 
interfacial temperature differs slightly from 
that of the transport path. The composition 
of the gas phase at the interface and in the 
condenser was estimated from ideal solu- 
tions (11) and fugacity data calculated from 
the Benedict equation of state (2). It was 
predicated upon the existence of local 
equilibrium (10). 

The experimental results for the Maxwell 
diffusion coefficients for n-heptane in the 
ethane—n-heptane system are shown in Fig- 
ure 1. The behavior at 130° F. was inter- 
polated from measurements at the other 
temperatures. The standard deviation of 
the experimental data shown from the 
smoothed curves of Figure 1 was 0.00686 
lb./sec. and the corresponding average devi- 
ation without regard to sign was 0.00565 
lb./see. Smoothed values of the Maxwell 
diffusion coefficients for n-heptane in the 
gas phase of the ethane-n-heptane system 
are given in Table 2. These data were 
interpolated from the experimental results 
shown in Figure 1. The minima shown in the 
curves of Figure 1 resulted from fitting a 
three-coefficient curve to the data by least 
squares methods. The existence of this 
minimum may be open to some question, 
but this representation yields a much smaller 
standard deviation than does a linear pre- 
sentation. 
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The experimental measurements upon the 
transport of n-heptane in the gas phase of 
the propane—n-heptane system are shown in 
Figure 2. In this case measurements were 
obtained at five temperatures evenly spaced 
between 100° and 220° F. The experimental 
data indicate a progressive decrease in the 
Maxwell diffusion coefficients with an in- 
crease in pressure for this system. The 
standard deviation of the measurements 
shown in Figure 2 and recorded in a part of 
Table 1 from the smoothed curve was 
0.00692 Ib./sec. The corresponding average 
deviation without regard to sign was 
0.00447 lb./sec. The data for 130° F. were 
extended in Figure 2 to pressures somewhat 
above the range of the experimental meas- 
urements. The added uncertainty in this 
region has been indicated by a dashed curve. 
Likewise, the curves have been extended to 
pressures below the vapor pressure of 
n-heptane to indicate that the boundary of 
the heterogeneous region is not a limitation 
of the region of pressure and temperature in 
which the Maxwell diffusion coefficients 
may be employed. Smoothed values of the 
Maxwell diffusion coefficients for n-heptane 
in the gas phase of the propane—n-heptane 
system are shown in Table 3. 

It should be emphasized that throughout 
the analysis of the experimental data it was 
assumed that the Maxwell hypothesis is 
descriptive of the transport of n-heptane at 
aspecified pressure and temperature through- 
out the composition interval encountered in 
the apparatus. It is probable that some im- 


A.1.Ch.E. Journal 


provement in the description of the experi- 
mental results could have been obtained by 
use of the methods suggested by Chapman 
and Cowling (7), but such refinements were 
not justified in the present instance because 
of the uncertainties in the primary measure- 
ments. As more is learned concerning the 
transport characteristics of the hydrocarbons 
of intermediate molecular weight, correc- 
tions for the effect of composition upon the 
Maxwell diffusion coefficients can be made. 
The experimental data available (3) permit 
the reader to make such calculations if they 
should be of interest. Likewise a comparison 
with the predicted effect of pressure (7) upon 
the Maxwell diffusion coefficient can well 
await the accumulation of additional experi- 
mental facts over a wider range of pressure 
than was studied in the present instance. 

Available information concerning the 
diffusion of n-heptane in the gas phase of the 
methane-n-heptane system (5) together 
with the information presented here permits 
the effect of the nature of the stagnant 
component on the transport characteristics 
of this paraffin hydrocarbon to be estimated. 
Figure 3 presents interpolated values of the 
Maxwell diffusion coefficients at 20 lb./sq. 
in. for n-heptane in the gas phase of the 
methane—n-heptane, ethane—-heptane, and 
the propane—n-heptane systems. The points 
shown are the experimental data for each of 
the several binary systems interpolated to 
a pressure of 20 Ib./sq. in. The data indicate 
a rather marked decrease in the Maxwell 
diffusion coefficient with an increase in the 
molecular weight of the stagnant compo- 
nent. This effect is more pronounced at the 
lower temperatures. The behavior depicted 
in Figure 3 for n-heptane is similar to that 
found for n-hexane in the corresponding 
binary systems (6). 


TRANSPORT CHARACTERISTICS 


For perfect gases the Fick diffusion 
coefficient is related to the Maxwell 
diffusion coefficient in the following 
way (5, 13): 


Nn; 


Equation (5) was utilized to compute 
values of the Fick diffusion coefficient for 
n-heptane. These are available (3) for the 
ethane—n-heptane and the propane—n- 
heptane systems, respectively. The varia- 
tion in composition with position in a 
transport path may be determined from 
Equation (2). The values of the Fick 
diffusion coefficient were calculated from 
the foregoing expression as a function of 
composition and pressure on the assump- 
tion that the Maxwell diffusion coefficient 
was independent of composition. The 
Fick diffusion coefficients are a marked 
function of composition, pressure, and 
temperature of the phase at the point at 
which the transport takes place. The 
effect of temperature on the product of 
pressure and the Fick diffusion coefficient 
for n-heptane is shown in Figure 4. The 
behavior of n-heptane in the methane—n- 
heptane system (5) was included for 
comparison. There is a progressive de- 
crease in the Fick diffusion coefficient 
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Fig. 4. Fick diffusion coefficients for n-heptane in the gas phase at 20 lb./sq. in. 


with an increase in molecular weight of 
the stagnant. component. 

The coefficients for the components of 
an ideal solution are related by the 
following expression: 


By use of Equation (6) the values for the 
Fick diffusion coefficients of ethane and 
propane in the systems studied were 
computed and are available (3). 
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NOTATION 

b, = specific gas constant of compo- 
nent k, ft./°R. 

D,., = Fick diffusion coefficient of com- 


ponent k, sq. ft./see. 


fi 


= Maxwell diffusion coefficient of 
component k, lb./sec. 

= fugacity of component k, lb./sq. 
ft. 

= fugacity of component k in pure 
state, lb./sq. ft. 

= effective transport length, ft. 

= effective correction to gross trans- 
port length, ft. 

= gross transport length, ft. 

= natural logarithm 

= weight rate of transport of com- 
ponent k, lb./(sq. ft.) (sec.) 

= total weight rate of transport, 
lb./see. 

= weight fraction of component k 

= mole fraction of component k 

= partial pressure of component k, 
(Pn,), lb./sq. ft. 

= pressure, lb./sq. ft. abs. 

= interfacial resistance, sec./ft. 

= thermodynamic temperature, °R. 

= compressibility factor of gas phase 

= absolute viscosity of gas phase, 
(Ib.) (see.)/sq. ft. 

= specific weight of component k, 
lb./cu. ft. 


TaBLe 3. MAXWELL DirrusION COEFFICIENTS FOR n-HEPTANE IN THE 
PRopANE-n-HEPTANE SYSTEM 


Tem- 
perature, 

14.696 20 30 
100 0.0645* 0.0569 

130 0.0860 0.0780 0.0650 
160 0.1119 0.1010 0.0854 
190 0.1459 - 0.1329 0.1130 
220 — 0.1696 0.1471 


*Maxwell diffusion coefficients expressed in lb./sec. 
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Pressure, lb./sq. in. 


40 50 60 
0.0549 
0.0740 0.0648 0.0569 
0.0982 0.0880 0.0789 
0.1302 0.1161 0.1055 
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Superscript 


0 = pure substance 

Subscripts 

v = conditions at interface 

= stagnant component 

k = diffusing component 

r = reference state 

t = conditions at exit of transfer sec- 


tion 


LITERATURE CITED 


1. Benedict, M., G. B. Webb, and L. C, 
Rubin, J. Chem. Phys., 8, 334 (1940). 
2.— , and Leo Friend, Chem. Eng. 

Progr., 47, 419, 449, 571, and 609 (1951). 

3. Carmichael, L. T., and B. H. Sage, 
Document 4833, Am. Doc. Inst., Photo- 
duplication Service, Library of Con- 
gress, Washington, D. C. (1956). 

4. Carmichael, L. T., H. H. Reamer, and 
B. H. Sage, Document 4611, Am. Doe. 
Inst., Photoduplication Service, Library 
of Congress, Washington, D. C. (1955). 

5. ———, and W. N. Lacey, Ind. Eng. 
Chem., 47, 2205 (1955). 

3. Carmichael, L. T., B. H. Sage, and 
W. N. Lacey, A.I.Ch.E. Journal, 1, 385 
(1955). 

. Chapman, 8., and T. G. Cowling, ‘“‘The 
Mathematical Theory of Non-Uniform 
Gases,’’ Cambridge University Press, 
Cambridge, Eng. (1939). 

8. Connolly, T. J., S. P. Frankel, and 
B. H. Sage, Am. Inst. Elec. Engrs. Mise. 
Paper, 50-259 (1950). 

9. Jost, W., ‘Diffusion in Solids, Liquids, 
Gases,’ Academic Press, Inc., New 
York (1952). 

10. Kirkwood, J. G., and B. Crawford, Jr., 
J. Phys. Chem., 56, 1048 (1952). 

11. Lewis, G. N., J. Am. Chem. Soc., 30, 
668 (1908). 

12. Maxwell, J. C., “Scientific Papers,” 
Vol. 2, Cambridge University Press, 
Cambridge, Eng. (1890). 

13. Opfell, J. B., and B. H. Sage, Ind. Eng. 
Chem., 47, 918 (1955). 

14. Rossini, F. D., et al., ‘Selected Values of 
Physical and Thermodynamic Proper- 
ties of Hydrocarbons and Related Com- 
pounds,” Carnegie Press, Pittsburgh 
(1953). 

15. Sage, B. H., and W. N. Lacey, Trans. 
Am. Inst. Mining Met. Engrs., 127, 118 
(1938). 

16. Schlinger, W. G., H. H. Reamer, B. H. 
Sage, and W. N. Lacey, ‘Report of 
Progress-Fundamental Research on Oc- 
currence and Recovery of Petroleum, 
1952-1953,” Am. Petroleum Inst., pp. 
70-106. 

17. Sherwood, T. K., and R. L. Pigford, 
“Absorption and Extraction,” McGraw- 
Hill Book Company, Inc:, New York 
(1952). 

18. Stefan, J., Ann. Phys., 41, 725 (1890). 

19. ———, Sitzber. Akad. Wiss. Wien, 
Math. Naturw. Kl., Abt. IIb, 63, 63 
(1871). 

20. Ibid., 65, 323 (1872). 

21. Ibid., 83, 943 (1881). 

22. Wilke, C. R., and C. V. Lee, Ind. Eng. 
Chem., 47, 1253 (1955). 

23. Young, S., Sez. Proc. Roy. Dublin Soc., 
12, 374 (1910). 


~ 


June, 1956 


AS 


: 
& 
| 
x | | 
4 
& 
| Z 
re 
NE 
| 
a] 
100 = | 
n 
tl 
ti 
fl 
fie 
0 
Dy, = 
ls 
n 
lg 
sl 
In i 
Mk 
| 
tl 
W 
n 
Pr 
a 
P 
Z 
T 
Ox 
] 
I 
| 
t 
| 
t 


Sec- 


form 
ress, 


and 
Wise. 


uids, 
New 


30, 


rg 
ers, 


TSS, 
Eng. 


es of 
yper- 
urgh 


rans. 
118 


H. 
t of 
Oc- 
um, 

pp. 
ford, 
raw- 
Y ork 
390). 


Vien, 
, 63 


Eng. 


Soc., 


956 


Application of Bernoulli’s Equation 
to Buoyant Systems 


The various forms of Bernoulli’s equation as customarily written express static pressure 
energy in terms of absolute pressure, thereby restricting their direct application to systems 
situated in vacuo. It is shown here that recognition (1) of the universal presence of a fluid 
outside all systems over which Bernoulli’s equation is written, and (2) of the practical 
necessity of measuring pressure within such systems as gauge pressures relative to the 
pressure of the exterior fluid leads to a more general set of equations and to a concept of 
buoyant static pressure and potential energies, as opposed to strictly absolute values. 

Failure properly to distinguish between these two types of energy quantities may result 
in error and confusion in the application of the various forms of Bernoulli’s equation. 


The terms in the Bernoulli equation as 
generally written in hydraulies are often 
referred to as heads since the units are 
commonly expressed as feet. This concept 
of fluid columns standing to various 
heights is valuable and appropriate in 
applications to the flow of incompressible 
fluids. However, when it is applied to 
compressible fluids considerable error 
may be introduced. It is the purpose of 
this paper to present a more rigorous 
concept of the terms in Bernoulli’s equa- 
tion which will be appropriate for all 
fluids under any conditions. 

The integrated form of Bernoulli’s 
equation 


pv +=—+ Z = constant (1) 


is a consequence of Newton’s laws of 
motion and was developed at least fifty 
years before Helmholtz unambiguously 
stated the First Law of Thermodynamics. 
The equation is, however, a restricted 
form of the First Law and can be derived 
from the general energy equation (1). 
An analysis of the units and character of 
the terms of the general energy equation 
will, therefore, be applicable to the Ber- 
noulli equation. 

The general energy equation is written, 
according to accepted practice, as 


Z,+U,+ + Q 


= Z,+ U,+ pw. + V2"/2g. + Ws 
(2) 


The terms of this equation are energy 
terms and must be expressed in equiva- 
lent units, i.e., foot pounds: force per 
pound mass. This can be accomplished 
by writing (2) as 


+ JU, + 
+ V,"/29. JQ 


+ JU,+ P22 


-+- V.'/29. + W, (3) 


The original manuscript was conceived and written 
by Dr. B. F. Ruth. His déath on January 1, 1954, left 
this and other manuscripts unfinished and unpub- 
lished, Dr. Boylan hag rewritten in part and revised 
the original manuscript. 
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where J is the mechanical equivalent of 
heat (778 ft. lb. foree/B.t.u.), g is the 
local acceleration of gravity (ft./sec.?), 
and g, is the dimensional constant in 
Newton’s law [82.1740 (lb. mass) (ft.)/ 
(Ib. force) (sec.2)|. Combining Equation 
(3) with the first and second law and 
introducing the degree of reversibility F 
gives, in consistent units, 


If this equation is multiplied by g./g, 
a form of Bernoulli’s equation results 
which includes friction and in which the 
units of each term are simply feet. 


(Z, — Z,) + (4) | v dp 


PRs 


g 


Equation (5) contains the ratio g./g, 
which relates Newton’s gravitational 
constant g, to the local acceleration of 
gravity. For certain applications this 
ratio is unity, and the equation is com- 
monly used without regard to the mag- 
nitude of the ratio. For general applica- 
tion, however, the equation as written 
in (5) must be used. 

For isothermal flow and small changes 
in absolute pressures, Equation (4) be- 
comes 


(g/g.(Z2 — + (po — 


The symbol p in the foregoing equa- 
tions represents absolute pressure, a 
quantity customarily evaluated by adding 
Bourdon gauge pressures or manometer 
readings in pounds force per square feet 
to the barometric pressure expressed in 
the same units. Since the difference of 


A.1.Ch.E. Journal 


B. F. RUTH and D. R. BOYLAN 


lowa State College, Ames, lowa 


two absolute pressures thus evaluated is 
the same as the difference between the 
original gauge pressures or the difference 
indicated upon a manometer, the pres- 
sures conveniently used in practice are 
gauge pressures. 

In the application of Equations (1) 
through (6) the almost universal presence 
outside the system of some buoyant fluid 
such as air is generally neglected. This 
practice produces an error, as the term 
Ap, the difference of absolute pressures, 
is no longer exactly equal to AP, the 
difference in gauge pressures. The error 
is small when incompressible fluids or 
liquids are involved or when systems over 
which the equation is written contain no 
elevation change. For compressible fluids 
such as gases or for cases where the 
system contains an elevation change, the 
error can become so large as to yield 
quite inaccurate and even absurd results. 
This is illustrated in the following exam- 
ple. 


Illustration 1 


Problem. A cylindrical brick chimney 108 
ft. tall (measured from the center line of the 
breeching) and 7.5 ft. in diameter develops a 
draft of 0.600 in. of water at the base of the 
chimney (barometer normal, atmospheric 
temperature 62°F.) when the furnace it 
serves is fired at such a rate as to produce 
1.715 moles/see. of stack gas having an 
average molecular weight of 30.2 and an 
average temperature of 500°F. 

It is necessary to double the steam-gen- 
erating capacity by installation of a second 
identical furnace and boiler. Rather than 
build another chimney, it is proposed to 
conduct the gases from the second furnace 
into the breeching of the first by means of a 
Y connection, as illustrated in Figure 1, and 
by installing an induced-draft fan at the 
bese of the chimney to compensate for the 
reduction in natural draft. What will be the 
theoretical power consumption of such a 
fan? 

Solution. Writing the Bernoulli equation 
as commonly used between d and e of Figure 
1 for the original furnace (no friction loss in 
the breeching assumed) gives 


(2) az = ~ W, 
“Je 


If W, = 0 and it is assumed that Vi = V2 
and that g/g. = 1.0 


AZ + vAP + JF =0 


or with 
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and (Z. — Z,) + v dp 
385 Je 
T (V.” — V,’) : 
The 1-=-—-JF-—W, (4) 
29. 
|| 
(V,? — 
2 1 
2g 
4 | — 
| 
2fLV’ 


Z, = 108 ft. 
Z,=0 
P, = 0 gauge pressure 
= —3.115 lb./sq. ft. 
30.2 _, 492 


Povo “359 960 
= 0.0431 lb./cu. ft. 


Bas 
AH, = —108 — (2.115 | 
= 2fLV’ 
108 
= —180.3 
= 180.39.D 
: 
2x O72) 
= —0.273, 


which is absurd as f is negative. 


DERIVATION OF MODIFIED EQUATIONS 


The modification needed to make 
Bernoulli’s equation as generally used in 
its various forms applicable under all 
conditions is derived as follows. 

The level of the mercury well of a 
conveniently situated barometer may be 
considered as the datum of elevation and 
the static pressure of the atmosphere at 
this level as the datum of pressure; the 
absolute pressures within a system at 
elevations Z; and Z, may be expressed as 


p =P, t+ B— Z1(9/9-) Po (7) 


= P2 + B— Z.(g/g.)po (8) 


where po is the average density of the 
outside fluid between the datum and 
elevations Z, and Z:2, B is the barometric 
pressure at the elevation datum, and P; 
and P» are the pressure differences be- 
tween system fluid and outside fluid 
measured at the elevations Z; and Z2. 
Representing the quantities (Pi: + B) 
and (P; + B) by the symbols p,’ and 
p:' and substituting into Equation (3) 
gives, upon rearrangement, 


Ju, + — pors) 
+ pi’, +. + JQ 
= Juz + — pods) 
+ + V2'/2g. + W. (9) 
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Fig. 1. Furnace arrangement. 


From Equation (9) the corresponding 
mechanical-energy-balance equation is 
obtained as 


— pors)(g/ge) + Vi"/2g. 


vdp- JF 


Pi’ 


= Z1 Po2)(g/ge) + Vs /29. (10) 


If it is assumed that the variation of 
v is linear with Z, Equation (10) becomes, 
for isothermal flow and small changes in 
the absolute pressure, 


(Z. — Z,)(g/g.)(l — Po 
= —JF — W, (11) 


as (p2’ — py’) is identically (P2 — P,). 
The specific volume of the system fluid 
in the potential energy difference term 
has been written as vz,,, to indicate 
that it is not necessarily the same 
quantity as v,,, in the static pressure 
energy term but is instead the arithmetic 
average value of v over only that portion 
of a system in which the elevation change 
from Z, to Z, takes place. Strictly speak- 
ing, of course, Bernoulli’s equation when 
applied to gases should never be written 
over the entire length of a complicated 
system. The continual change in specific 
volume and velocity from point to point 
in a complex system makes it much safer 
to apply the theorem in its various forms 
in a series of steps, solving for inter- 
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mediate values of pressure, density, and 
velocity before and after each important 
change in velocity, temperature, or 
elevation. Such a procedure, however, is 
quite laborious. 

When the density po of the outside fluid 
approaches zero, (Pi:+ B:) and (P2+ B,) 
approach p; and pe, and the term 
(Z. — Z1)(g/g-)(1 — approaches 
(Z. — Z:)(g/g-), showing that Equations 
(9), (10), and (11) are fundamentally the 
same as Equations (3), (4), and (6) but 
are directly applicable to any fluid under 
any conditions. The previous illustration 
can now be simply solved by use of 
Equation (11) and the convenient gauge 
pressure difference. 

Applying Equation (11) to illustration 


1, where it is assumed that Vi; = V2, 
W, = 0, and g/g. = 1.0 as before 
=o 
29 492 


2 Ib./ 
Po = 36 x 509 = 0.0762 lb./cu. ft. 


_ 1.715 X 30.2 4 
0.0431 (7.5) 


= 27.2 ft./sec. 


(108 — 0. 


0.0431 
—AH, = 
= (108 — 191) + 72.3 
or 
AH, = 83 — 72.3 = 10.7 
and 
10.7 X X D 
a 10.7 X 32.17 X 7.5 
2x 108 
f = 0.0162 
Now 
he = 


7.5 X 27.2 X 0.0431 
0.028 X 0.000672 


= 467,000 


The roughness factor f/D, therefore, is 
0.04 to 0.05, a condition where f is inde- 
pendent of Re. For the new furnace the 
velocity doubles but f = 0.0162 and the 
new draft at the base of the furnace is 
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AP _ Pi—Py 
Pavg Pavg 


= = Po Zave) + AH, 


54.4\? 
9 
+ 0.0162 X (#4) X 662 


= —83 + 42.9 = —40.1 
P, = —0.0431 X 40.1 
= —1.73 lb./sq. ft. 


Writing Equation (11) from ¢ to d in 
Figure 1 gives 


2 
29¢ 
where AZ = 0 
(ase 
29. Pare 
(54.4)? — (27.2)? 
(—1.73 + 3.115) 
0.0431 
= 34.5 + 32.1 
66.6 ft. Ib: force 
lb. mass 


Therefore, the theoretical hp. = 


66.6 X 1.715 X 30.2 X 2 
550 


= 12.6 hp. 


In transforming the sum of the static 
pressure and potential energy terms from 
the form 


pv + Z(g/g.) (12) 
= [B+ P — Z(g/g.)polv + Z(g/ge) 


to 
pv + Z(g/g-) (13) 
= (B+ Py + Zg/g.)(1 — po) 


all that has been done, in effect, is to refer 
the static-pressure-energy term to an 
elevation datum as well as to a pressure 
datum and the potential energy term to a 
density or pressure datum, as well as an 
elevation datum. The result is to increase 
the absolute static-pressure potential 
energy from the value pv that it actually 
has at elevation Z to the slightly larger 
value it assumes when referred to the 
elevation Z = 0, where the absolute 
pressure is p + Z(g/g.)po. Similarly, the 
potential head term is decreased from 
what it would be in a vacuum to the 
value Z(g/g.)(1 — pov) that it actually 
has relative to an exterior fluid of density 
po. For this reason, the terms (B + P)v 
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and Z(g/g.)(1 — pw) may be thought 
of, respectively, as buoyant static pres- 
sure and potential energies, in recognition 
of the effect of the external fluid medium. 
In the same way the energy-difference 
terms (P; — and — Z:2)(g/g-) 
(1 — poz,,,) may be termed buoyant 
static pressure and potential energy differ- 
ences to distinguish them from the abso- 
lute differences (pi — and — 
Z2)(g/g-) of a system tn vacuo. 

While the use of the term head is still 
retained in speaking of the various terms 
of Bernoulli’s equation, it is better to 
regard the units of head as comprising 
foot pounds of force per pound of mass, 
and not simply as feet of column height. 
With this approach and the recognition 
of buoyant static and potential heads as 
the effective and more realistic forces 
responsible for flow in a submerged 
system, the Bernoulli equation may be 
applied to all types of flow. 

When dealing with heating and ven- 
tilating problems, most engineering text 
books and handbooks avoid or at least 
reduce error in the application of Equa- 
tion (4) by suggesting that the potential- 
head-difference term be ignored. It is 


obvious from Equation (11) that when 


the system fluid is air at atmospheric 
pressure and temperature this recom- 
mendation does lead to an exact answer. 
When the density of the system fluid is 
greater or less than that of the outside 
fluid, the result is no longer exact although 
usually much closer to the correct value 
than it would be were the term (Z. — Z;) 
(g/g) to be included. It is apparent, how- 
ever, that such a recommendation is 
entirely empirical and gives better results 
only because the term (1 — pwa,,) is 
small, and not because the quantity 
(Z. — Z:)(g/g-) is necessarily negligible. 
As another example, the following prob- 
lem, given in a familiar text book (2), will 
be considered. 


Illustration 2 


Problem. Air at 70°F. is heated to 170°F. 
in a horizontal heater, thereby increasing its 
velocity from 20 ft./sec. at station 1 to 
23.8 ft./sec. at station 2. The absolute 
pressure at station 1 is given as normal 
barometer; that at station 2 as 1 in. of water 
less. After the net heat input to the air in the 
heater is computed as 24.003 B.t.u./lb. of 
air, the question is raised as to whether the 
heat input would have been materially 
different had the heater exit been arranged 
vertically with the air leaving the apparatus 
at an elevation 10 ft. above the inlet. 

Solution. The solution given is (Z2 — 
Z,)/J = 10/778 = 0.0129 B.t.u./Ib. of air, 
additional heat input required. 

However, as the gas passing through the 
vertical section has a density of 0.0690 
Ib./cu. ft. as compared with a density of 
0.075 lb./cu. ft. for the outside air, it is 
clear that, other quantities remaining as 
before, the additional heat input is in reality 
given by 
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(10 — 0)(1 — 0.075/0.0690) /778 
—0.00112 B.t.u./lb.; i.e. 
the necessary heat input is actually smaller 


in the vertical than in the horizontal 
apparatus. 


NOTATION 
B 


absolute pressure of external 
buoyant fluid at zero datum of 
elevation (barometric pressure in 
the case of air), lb. force/sq. ft. 


D = pipe diameter, ft. 

F = heat input as a result of friction, 
B.t.u./lb. mass 

f = Fanning friction factor, dimen- 
sionless 

g =local acceleration of gravity, 
ft./sec.2 

g- = dimensional constant in New- 


ton’s law, 32.1740 (Ib. mass) (ft.) 
/ (lb. force) (sec.?). 

J = mechanical equivalent of heat, 

778 ft. lb. force/B.t.u. 

length of a conduit or pipe, ft. 

absolute pressure at elevation Z, 

lb. foree/sq. ft. 

p’ = absolute pressure at elevation Z 
referred to zero datum elevation. 
Buoyant absolute pressure, lb. 
force/sq. ft., = (P + B) 

P = gauge pressure at elevation Z. 
Pressure difference between sys- 
tem fluid and external fluid at 
elevation Z, lb. force/sq. ft. 


Q = heat added to the system, B.t.u./ 
lb. mass 

U_ = internal energy, B.t.u./lb. mass 

V = average linear velocity of fluid 
flow, ft./sec. 

v = specific volume of system fluid, 
cu. ft./lb. mass 

Varg = arithmetic average specific vol- 


ume between stations 1 and 2, 
cu. ft./lb. mass 

Vz.,, = arithmetic average specific vol- 
ume over section of system con- 
taining either an abrupt or 
gradual change in elevation, cu. 
ft./lb. mass 


W, = external work performed by the 
system, ft. lb. foree/Ib. mass 

Z = elevation, ft. 

p = 1/2, density, lb. mass/cu. ft. 

Po = average density of fluid outside a 
system, between the datum Z = 0 
and elevations Z; and Zs, Ib. 
mass/cu. ft. 

Subscripts 

1 = upstream section 

2 = downstream section 
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Vapor-liquid Equilibrium for the 


Benzene-acetone System 


There are many conflicting data in the 
literature on the vapor-liquid—equilibrium 
phase relationships for the system ben- 
zene-acetone. Figure 1 illustrates the 
disagreement among the different investi- 
gators who have studied the problem. 
Composition and temperature data have 
been obtained by Soday and Bennett 
(4), Reinders and De Minjer (3), Othmer 
(2), Tallmadge and Canjar (5), and most 
recently by Canjar, Horni, and Rothfus 
(1). The last two investigations were 
carried out in this laboratory. 

Activity coefficients were calculated by 


LAWRENCE N. CANJAR and THOMAS E. LONERGAN 


Carnegie Institute of Technology, Pittsburgh, Pennsylvania 


(1) 


and the data cited above. The logarithm 
of the ratio of activity coefficient of 
acetone to activity coefficient of benzene 
is plotted vs. mole fraction of acetone in 
Figure 1. 

It will be noted that there is wide dis- 
agreement not only among all the 
investigators but also in the two works 
carried out in this laboratory. The first 
work, by Canjar and Tallmadge (5), was 
carried on for the primary purpose of 


vaporization. The  vapor-liquid-equili- 
brium data were obtained as a by-product 
of the experimental measurements. The 
second work, by Canjar, Horni, and 
Rothfus (1), was specifically designed 
for the determination of precise vapor- 
liquid—equilibrium data to be used in the 
study of a ternary system. In spite of this 
the former came closer to satisfying the 
thermodynamic consistency test 


1 
log dr, = 0 (2) 
0 


(Continued on page 14J/) 
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use of the expression obtaining integral isobaric heats of 
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If you are concerned with: 


Reactor development... 
Atomic energy projects... 
Nuclear problems... 


This new data boo 
will help you 


In nuclear science and engineering the 
importance of the neutron absorption re- 
action of the boron isotope B!® is well 
recognized. 

Now, for the first time, available data 
on the development of numerous stable, 
boron-rich materials have been compiled 
and coordinated by Norton in one con- 
venient reference book. 

This book is the “Handbook on Boron 
Carbide and Elemental Boron’’ — a com- 
pact source of technical information on 
materials made by Norton for use in the 
atomic energy field. 

A partial list of the table of contents 
includes: Boron for neutron absorption .. . 
Technical grade boron . . . Properties of 
boron . . . Commercial grades of boron 
carbide... Radiation damage to boron car- 
bide . . . Bonded boron carbide (carbon, 
silicate, plastic, metal)... Boron nitride... 
Metal borides. These and many other sub- 
jects are fully described and illustrated 
with tables, charts and photographs. 


A Quarter-Century of Experience 

Work in Norton laboratories on boron 
compounds began some 25 years ago. 
This included the development of 
NORBIDE* boron carbide, the hardest ma- 
terial yet produced commercially. Nor- 
ton facilities for producing NORBIDE wear- 
resistant articles and abrasive have been 
expanded to supply boron carbide in 
numerous forms for atomic energy ap- 
plications. 

Recent Norton development has been 
aimed at improving the quality, increas- 
ing the production and reducing the 
costs of various boron-rich products. As 
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This new free Norton ‘Handbook on Boron Carbide and Elemental 
Boron’’, is a valuable reference, containing both fundamental 
data and practical information. Printed in colors with many 
charts and tables it will serve as a useful and permanent addition 
to the reference files of those concerned with atomic energy and 
related fields. 


a result, Norton now produces these ma- 
terials to highest purity standards, at 
prices ranging between one-half and 
one-tenth of former pricing. 


Other Norton 
Electric Furnace Products 

of special interest to nuclear engineers 
include ALUNDUM* fused alumina, CRYS- 
TOLON* silicon carbide, MAGNORITE* mag- 
nesium oxide, FUSED ZIRCONIA and various 
refractory carbides, oxides and nitrides. 

Besides being the basic ingredients of 
the famous Norton Refractory R’s — re- 
fractories engineered and prescribed for 
the widest range of conventional applica- 
tions — these high-melting materials are 
finding many new and valuable uses in 
atomic energy projects. 
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They are all described in the new 
Norton handbook. For your free copy, 
write to Norton Company, Refractories 
Division, 671 New Bond St., Worcester 
6, Massachusetts. 


NORTON 
REFRACTORIES 


Engineered... ty... Prescribed 
Qdaking better products... 
to make your products better 


*Trade-Marks Reg. U. S. Pat. Off. and Foreign Countries 
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Electron Micrograph showing rope-like structure of 
lithium stearate. 


Atlantic predicts 
BEHAVIOR of 
GREASES aided by 
RCA ELECTRON MICROSCOPE 


Basic studies with the RCA Electron Micro- 
scopeunderthe immediate supervision of Dr. 
Roger G. Simard, of The Atlantic Refining 
Company Research Laboratories, Philadel- 
phia, have brought the grease system into 
microscopic focus. Today’s high-speed pre- 
cision machinery demands specialized 
greases that will withstand extremely severe 
operating conditions. An ordinary lubricat- 
ing grease is a suspension of metal soap 
fibres in a lubricating oil. Distributed uni- 
formly throughout the oil, the soap ‘fibres 
hold the oil between them, principally by 
capillary attraction. By studying these soaps 
with the electron microscope, scientists are able to correlate their struc- 
ture with the physical properties and behavior of the finished grease. 
Thus, it is possible to screen out defective batches and to set up standards 
of quality leading to the development of new and better greases. 


if 
Dr. Simard and microscopist. 


The latest word for fundamental research on crystalline structures, 
diverse solids, metallurgical and geological specimens, tissues, bacteria 
and viruses, the new RCA Electron Microscopes provide magnification 
and resolution higher than ever before possible and include many 
advanced engineering features. Why not find out more about these 
wonderful instruments? Installation supervision is supplied, and con- 
tract service by RCA Service Company is available if desired. 


For further information on the use of the RCA Electron Microscope, write to Dept. F-288, 
Building 15-1, Camden, N.J. In Canada: RCA VICTOR Company Limited, Montreal. 


Electron Microscopes 


® 
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than the latter. To resolve this discrep- 
ancy the system acetone and benzene 
was studied again by means of the appa- 
ratus described in (1). Preparation and 
purity of chemicals were also the same as 
described in (1). The results of this re- 
measurement are given in Figure 2, where 
they are compared with the original data 
of Canjar and Tallmadge, with which they 
are essentially in agreement. The Canjar- 
Tallmadge data given in Figure 1 repre- 
sent smoothed temperature-composition 
data. The plot was taken from reference /. 

The explanation of the disagreement 
between this work and the previous work 
obtained in the same laboratory by 
Canjar, Horni, and Rothfus (7) will help 
future investigators using the Othmer 
still. Our early experience with the 
Othmer stills indicated that high boiling 
or heat-input rates gave erratic and scat- 
tered results. Lower boiling rates on the 
other hand gave extremely precise and 
reproducible results. Therefore low boiling 
rates were used in the earlier investiga- 
tion (1). In the present work it was found 
that the temperature in the Othmer still 
increased asymptotically with the rate of 
vapor boil-up. A boil-up rate of 120 ml. 
/hr. yielded essentially a maximum tem- 
perature reading with no evidence of 
entrainment. The data given in Figure 2 
were obtained with this rate. Unfortu- 
nately other investigators did not report 
their boil-up rates, and comparison is 
impossible. 

The final data for the system acetone- 
benzene can be given by the relationship 
(strictly valid only for a system pressure 
of 1 atm.) 


logio 0.151 (3) 
where y;, activity coefficient, is given by 
relationship (1) and vapor pressures of 
the pure components are given by the 
following: 


Acetone 


logio 


(4 
224.0 + 


Benzene 


220.790 + t°C. 


= 4.02484 — 


(5) 
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A NEW POLYETHYLENE TOWER PACKING BASED ON THE PRINCIPLE OF INTERSTITIAL HOLDUP 


Increased Efficiency 
Increased Capacity 

Lighter Weight 
Unbreakable Units 


Tray Column 
Characteristics 


Send for this folder. It contains 
more detailed explanation. 


THE HARSHAW CHEMICAL 
1945 E. 97th Street Cleveland 6, Ohio 


TELLERETTE® 


A Mew Polyethylene Tower Packing based on 
the principle of interstitial Hold up. 


increased Efficiency 
increased Capacity 
Lighter Weight 

Unbreakable Units 


Tray Column 
Choracteristics 
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HEVI=DUTY 


Tube Furnaces 
Designed for Precision Testing 


Ts Hevi Duty Combustion Tube Furnace is a complete 
unit ready for use. All the temperature control and indicating 
devices are located in the furnace base. A tap-changing transformer 
equipped with two selector switches offers you 48 steps of tem- 
perature control. This design allows close temperature regulation 
and means savings in power and maintenance. An_ indicating 
pyrometer and ammeter are mounted for easy observation. 
Easily replaceable Silicon Carbide heating elements above and be- 
low the ceramic tube provide a uniform heat throughout the 12” 
chamber. Tubes of 1” to 2” O.D. may be used by substituting 
end plugs. 


Send for details in 


TEMPERATURE Bulletin 254. 


To 2600. 


ZONE TEMPERATURE CONTROL 


Extra versatility is offered by Tube 
Furnaces with two or more zones of 
control. These furnaces are built in 
the sizes to fit your needs. 


LABORATORY FURNACES MULTIPLE UNIT ELECTRIC EXCLUSIVELY 


MILWAUKEE 1, WISCONSIN 


16J A.1.Ch.E. Journal 


Automatic Process Control for Chemical Engi- 
neers. Norman H. Ceaglske. John Wiley and 
Sons, Inc., New York (1956). 228 pages. $6.75. 


A welcome addition to the number of 
texts already published on the subject of 
automatic control is this book by Professor 
Ceaglske. Perhaps the only misleading 
statement in the entire book is the title, 
which would seem to limit the readers to 
those with a chemical engineering back- 
ground. It is true that the author designed 
this text primarily for the chemical engineer, 
and more specifically for the chemical 
engineering undergraduate student, but 
the reviewer feels that this book could 
serve equally as well as a source of valuable 
information for all practicing engineers 
whose knowledge of automation is mainly 
descriptive. 

Professor Ceaglske has been associated 
with teaching the subject of automatic 
control to chemical engineering students 
since 1936 (presently as professor of 
chemical engineering at the University of 
Minnesota) and is of the opinion that the 
majority of courses taught today tend to 
retard progress in this important field. In 
an attempt to correct this, he presents a 
clear interpretation of the developments 
in automatic control theory over the past 
20 years. The subject matter was compiled 
from the undergraduate courses taught by 
Professor Ceaglske and therefore deals with 
many elementary topics; however, the 
graduate student or the process engineer 
in industry would be well advised to read 
this introductory text before trying to 
master more advanced books. 

The first two chapters give a_ brief 
history of automatic control; a descriptive 
treatment of various instruments, processes, 
and control systems; and the necessary 
terminology. The remainder of the book is 
divided into five parts, each of which covers 
a specific phase of the mathematical 
analysis. The control systems considered 
have been restricted to those having linear 
response, expressed by differential equa- 
tions of the first and second order only. As 
prerequisites the author assumes a senior 
standing in chemical engineering, including 
a working knowledge of differential equa- 
tions. The Laplace transform has been used 
throughout the book to solve the differential 
equations. 

Chapters 3 and 4 are devoted to the 
derivations of the needed equations, and 
the solutions to these equations, for the 
majority of the control systems under 
study. The response of these systems or 
parts of the systems to the three standard 
inputs—the step change, the ramp input, 
and the sinusoidal input—has also been 
derived. The transient analysis and the 
frequency response of control systems have 
been fully discussed and explained in 
Chapters 5 and 6. As a concluding section 
the author has dealt with the analysis and 
preliminary design factors of some simple 
control systems. To demonstrate further 
the theoretical principles in this text the 
author has included a number of illus- 
trative examples and has also presented a 
list of typical problems at the end of each 
chapter for solution by the reader. 


Ricuarp M. CLARKE 
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An Outline of Atomic Physics. Third edition. 
O. H. Blackwood, T. H. Osgood and A. E. Ruark. 
John Wiley and Sons, Inc., New York (1955). 
501 pages. $7.50. 


Those who are familiar with the two 
earlier editions of this book, published in 
the thirties, will welcome this new edition. 
Considerable revision and the addition of 
much new material have served to make this 
book on atomic physics an excellent intro- 
ductory text for those students who desire 
a general knowledge of the modern par- 
ticulate approach to matter, both atomic 
and nuclear. The book is an outgrowth 
of a course directed not to physics students 
but rather to any others having a year’s 
work in college physics and a desire to 
know more about the concepts and 
methods of modern physics. 

Approximately half of the book is devoted 
to the understanding of atomic phenomena, 
including X rays, atomic and molecular 
structure, radiation, and spectra, and an 
introduction to the solid state. The authors 
are to be especially commended in the 
manner in which they introduce and use 
the concepts of quantum mechanics. The 
discussions are not so oversimplified as to 
lose all meaning; rather they are introduced 
as needed, in a logical and quantitative 
manner, with the appropriate background 
of classical theory and the explanation of 
its breakdown. In fact, these sections 
provide excellent introduction to 
quantum mechanics and could well be 
assigned as preliminary reading to a student 
about to engage in a more quantitative and 
mathematical course in quantum me- 
chanics. 

The remainder of the book is devoted to 
nuclear physics, including sections on 
nuclear structure and transmutations, ele- 
mentary particles, cosmic rays, and a brief 
discussion of the applications of nuclear 
energy. The last chapter provides a brief 
introduction to the theory of relativity, 
although those portions of special relativity, 
such as the relativistic mass increase, are 
introduced earlier as needed. In fact, much 
of the material introduced in the earlier 
editions near the end of the book as special 
topics has been worked into the body of 
the text. For example, the uncertainty 
principle in the new edition is discussed in 
the chapter on waves associated with 
material particles, where the De Broglie 
relation and much of quantum mechanics 
are introduced. 

This reviewer’s major criticism is that the 
authors, perhaps irked as students by 
“beyond the scope of this text’’ statements, 
seem to feel that there is little that cannot 
be explained within their scope, at least 
qualitatively. A case in point is their five- 
paragraph coverage of the general theory 
of relativity, transferred unchanged from 
the earlier editions. Not only are their 
statements and interpretations of the 
principle of equivalence confusing but their 
choice of experimental verification, the 
results of which they state as conflicting, 
seems ill-conceived. The red shift, the 
evidence for which seems more conclusive, 
would have been just as easy to explain. 
The new section on magnetic susceptibilities 
will also probably be confusing to the 
student. 

Except for such minor shortcomings as 
these, the book is excellent, should be quite 
teachable, and in addition should be 
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SO SENSITIVE 
IT CAN MEASURE THE CHARGE 
BETWEEN YOUR FINGERS 


CURTISS-WRIGHT 


DYNAMIC CAPACITOR 
ELECTROMETER 


FOR STABLE AMPLIFICATION OF LOW-LEVEL DC SIGNALS 


Measures currents as low as 10-'® amp. * Extremely high input impedance .. . 
10'S ohms. * Low drift — less than + 1 mv per 24 hours, * Uses dependable, 
durabie dynamic capacitor. * Accuracy of + 1/2 % full scale. * Only 14” x 10” x 9” 


The Curtiss-Wright Dynamic Capacitor Electrometer is ideal for meas- 
uring minute currents or voltages from high impedance sources. There 
is no 60 cps interference since the Dynamic Capacitor Electrometer 
operates at 1,000 cps. The instrument can be used to measure static 
charges, potentials of floating grids, insulation leakage currents, capaci- 
tor dielectric leakages; and to study transistors and diodes. Its rugged- 
ness, reliability, and high sensitivity make it especially suited for use 
in the nuclear field as a component in reactor control systems and in 
industrial control systems employing radioisotopes as energy sources. 
It can be used for pH determination, and in mass spectrometry. In bio- 
physics and medicine it may be used to measure cell potentials, skin 
potentials, streaming potentials, injury potentials, and nerve impulses. 
Besides providing an indication on its own meter, it will operate any 
standard recorder. For details, write Nuclear Equipment Sales Dept., 
Curtiss-Wright Corporation, Electronics Division, Carlstadt, N. J. 


ELECTRONICS DIVISION 


CURTISS 


CORPORATION + CARLSTADT, N. 
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CORROSION PROOF 
PROCESSING 
EQUIPMENT 


IMPERVIOUS GRAPHITE 


IMPERVITE equipment is unaffected by the action of all corrosives except a few 
highly oxidizing agents. This material provides excellent thermal conductivity (5 
times that of stainless) and is immune to effects of thermal shock. For new equip- 
ment or replacements, consider the following facts: Original cost of IMPERVITE 
equipment is surprisingly low because of a high degree of standardization. Oper- 
ating efficiency is of the highest level, and impervious graphite normally will 
provide a longer service life than any other material of construction. 


TUBE & SHELL 
HEAT EXCHANGERS 
Standard components are carried in 
stock for quick delivery of most IM- 
PERVITE Tube and Shell exchangers 
from 7 to 650 tubes in 9 and 12 foot 
lengths. All normal tube and shell de- 
sign features are available as standard. 
Custom designs are furnished on order. 


CUBICAL 
HEAT EXCHANGERS 


... provide maximum transfer surface 
in minimum space ... and only Falls 
Industries offers a complete, standard- 
ized line of CUBICAL exchangers to 
meet most requirements. This design 
accommodates operating pressures in 
the 150 psi range. 


CROSS-BORE* 
HEAT EXCHANGERS 
Featuring a rugged, heavy-duty, one- 
piece bundle, CROSS-BORE exchang- 
ers are furnished in standard, single 
and multi-pass models for heat transfer 
areas to 187 square feet. CROSS-BORE 
exchangers are especially easy to clean, 
and withstand operating pressures in 
the 150-200 psi range. 


CASCADE COOLERS 
IMPERVITE Cascade Coolers feature 
low-pressure-drop ells and flush 
nozzles. As standard models they are 
furnished in 5 tube sizes, and three 
different models. 


CENTRIFUGAL PUMPS* 


Outstanding service is afforded by the 
Falls’ designed seal, which is virtually 
leak-proof. Standard IMPERVITE 
pump models are furnished up to 200 
gpm, 100 ft. head, and specials are 
available in the range of 1000 gpm. 


RUPTURE DISKS* 


...a new idea in frangibles from Falls 
. . . expendable and economical. IM- 
PERVITE Rupture Disks are standard 
for 150# flanges, temperature to 300° 
F., 5% accuracy, diameters from 2” to 
12”. Specials are furnished to 30” 
diameter, to 250 psi burst, to 700° F. 
temperature. 


ALL IMPERVITE EQUIPMENT IS PRODUCED 

COMPLETELY WITHIN THE FALLS INDUSTRIES 

ORGANIZATION UNDER THE CLOSE CONTROL 
OF CHEMICAL ENGINEERS. 


*EXCLUSIVE FALLS INDUSTRIES DESIGN 


SEND INFORMATION ON: 


CROSS-BORE PUMPING X-CHANGERS 
LJ] CUBICAL PIPE & FITTINGS 

[] TUBE & SHELL [] VALVES 

[_] CASCADE COOLERS [| TOWERS 

HCL ABSORBERS PLATE HEATERS 

Pumps BAYONET HEATERS 

RUPTURE DISKS MACHINED COMPONENTS 
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Phone, CHurchill 8-5357 
Teletype, Solon 0-720 


31935 Aurora Road @ Solon, Ohio 
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pleasant reading for those who wish a re- 
fresher in the field. 


Introductory Nuclear Physics. Second edition. 
David Halliday. John Wiley and Sons, Inc., New 
York (1955). 493 pages. 


The first edition of Professor Halliday’s 
book, published in 1950, won immediate 
favor with many students then studying 
nuclear physics at the upper undergraduate 
and beginning graduate levels and with 
their instructors. Among its few competitors 
the book was distinguished for the wide 
breadth of material surveyed and for the 
clarity with which the many topics were 
presented. 

Although the number of books on nuclear 
physics has grown rapidly since 1950, the 
second edition of Introductory Nuclear 
Physics should hold much of the popularity 
of its predecessor. It is still frankly an 
introductory text, covering the broad field 
of basic nuclear physics briefly and clearly. 
Topics include cosmic rays, subnuclear par- 
ticles, and molecular beams, for example, as 
well as the standard fare of nuclear decays 
and radiations, particle detection, accelera- 
tions, reactions, fission, etc. The arrange- 
ment of the material has been improved over 
the first edition, and the early introduction 
of new chapters on elements of quantum 
mechanics and two-nucleon systems should 
be helpful to the reader. The reviewer recom- 
mends the book not only for pedagogical 
purposes, but also for the library of the 
nonspecialist in nuclear physics who wishes 
to have readily available one book in which 
clear, concise answers to his questions can 
probably be found. 

GeorGceE F. Prerer 


Electrons, Atoms, Metals and Alloys. William 
Hume-Rothery. Revised edition. Philosophical Li- 
brary, New York (1955). 387 pages. $10.00. 


This book, originally published in 1948, 
represents an attempt to teach modern 
concepts of atomic structure and the theory 
of the crystalline state of matter by means 
of a dialogue between a ‘Young Scientist’’ 
and an “Older Metallurgist.’”’ The latter, 
who took his degree in the period 1910- 
1920, is unable to keep up with modern 
advances in metallurgy and seeks the help 
of a member of the newer generation who 
brings him up to date in these matters. 
Topics covered begin with an introduction 
to quantum mechanics and proceed through 
the theory of atomic structure, free-electron 
theory of metals, Brillouin zone theory, 
ferromagnetism, and the theory of alloy 
formation. Also included are short sections 
on the theory of plastic deformation and 
the structure of the nucleus, both of which 
have been modified in this new edition as 
a result of recent developments. 

Hume-Rothery states that the book is 
intended primarily for industrial metallur- 
gists who wish to become acquainted with 
modern physical theories of metals and 
alloys and the dialogue form was chosen 
to make the material more palatable to 
such readers. How successful he has been 
in this objective is hard to say. Undoubt- 
edly, a review of this book would best be 
given by an “Older Metallurgist’? who 
has tried his hand at this novel form of 
education. It is hard to believe, however, 
that the few in this category who would 
have the perseverance to read this book 
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CEC increases 


Consolidated’s Model 21-610 mass-spectrometer and its 


companion, the new Model 21-620, far excel all other instruments 
t he SC ope O yf of comparable price in performance capabilities and reliability 


industrial mass spectrometry 


in industrial environment. The extreme sensitivity of 
the 21-610—accurate to a few parts per million—qualify 
it for highly critical purity studies as well as process 
monitoring and control applications. Fitted with an 
accessory hand-held probe, either model serves as 


a leak detector for any gas within its mass-range. The 


through [wo great 21-620’s resolving power up to mass 150 further extends the 


’ applicability of an industrial mass-spectrometer to research 
Instruments for process laboratories and medical centers, as well as to plants of chemical, 
petro-chemical, petroleum and gas industries. Nearly identical 
in appearance, the 21-610 features the Diatron ion analyzer and 


monitoring and control the 21-620, a new cycloidal focusing analyzer. 


2 l -620 Except for slightly less sensitivity, the 


21-620 has all the capabilities of the 21-610 plus many 
others. Where the task is to analyze “heavy” gases or 
liquids, either in plant locations or in the laboratory, the 
21-620 process monitor mass-spectrometer is the ideal 
control instrument. 


21-610 The 21-610 is completely self- 


contained, needing only 110 volts and a small quantity 
of cooling water for operation. Moderately priced, easily 
movable, and economical to operate, the 21-610 is in- 
dustry’s ideal instrument for chemical research, process 
control and leak detection. 


CEC Service Engineers quick change of ion analyzers 
(right) adds flexibility to Consolidated’s two process moni- 
toring mass-spectrometers. A cycloidal focusing analyzer 
assembly of the 21-620 type is being mounted in the 
vacuum rack in place of the Diatron analyzer of the 21-610. 

The basic instrument can be augmented by many 
available accessories, thus broadening its application 
scope. At the far right, are a gas or light-liquid sample 
inlet system and chart recorder. 


Cc onso d at e d E e t r dy na m Cc Ss mass-spectrom- 


CORPORATION 
formerly Consolidated Engineering Corporation 


ELECTRONIC INSTRUMENTS FOR MEASUREMENT AND CONTROL 
300 No. Sierra Madre Villa, Pasadena, California 


the application 


etry to your business. For 
full details about CEC’s two | 
companion process monitor- 
ing mass-spectrometers, send 
for Bulletin CEC 1824A-X33 


Sales and Service Offices in: Albuquerque, Atlanta, Boston, Buffalo, Chicago, Dallas, 
Detroit, New York, Pasadena, Philadelphia, San Francisco, Seattle, Washington, D. C. 
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Analog Computing 
for One and All 


with GAP/R modular com ponents 


The Model K2-X Operational 
Amplifier is an octal-based 
plug-in unit which nobly 
serves as nucleus for accurate 
feed-back computing. 
With an output of 
“=r +100V the K2-X 
}. is priced at $24. 
The K2-W at $20. 
puts out an ample 
+50V_ with less 
power needed. 


Model K2-P is a 
Stabilizing Ampli- 
fier used in tan- 
dem with the 
K2-W or K2-X. It 
provides long term DC Stabil- 
ity measured in microvolts. All 
plug directly into the HK 
(shown below) or other en- 
vironments. The K2-P having 
inherent stability below 0.1 
MV is priced at $55. 


The Model HK 
Operational Amplifier in the standard ver- 
sion offers 10 K2-W Amplifiers for analog 
calculations of infinite variety. A stabilized 
HK using K2-X and K2-P “paired” plug- 
ins provides greater output plus stability. 
The standard HK with 10 K2-Ws is $360. 
The stabilized HK with 5 of above “pairs” 
is $555. 


Supplied also in a self-powered version as 
the compact Model HKR Operational Ten- 
fold, all manifolds can be purchased in 
either standard or stabilized forms or 
in other combinations. 


For rapid utilization of the HK 
or HKR, Model K- Modular As- 
sembly units are offered either 
in kit form or assembled as Ad- § 
der, Coefficient, Differentiator, 
Integrator or Unit-lag Passive 
Operational Plug-ins. Prices fur- 
nished on request. 

(q 


from GAP/R is the Model R-100 
Regulated Power Supply, conservatively 
rated at 100 ma, + 300VDC, and modestly 
priced at $130. 


Indicated below are two possible arrange- 
ments whereby your laboratory or engi- 
neering office can obtain a basic computing 
facility at minimum cost. 


20 OPERATIONAL 
AMPLiFIERS 
Plus Reguinted Power 


10 STABILIZED 
AMPLIFIERS 
Plus Regulated Power 


2 HKs (with 20 K2-Ws) $720 2 HKs (10X's + 10 P's) $1110 
1 R-100 Power Supply 130 R-100 Power Supplies 260 
$850 $1370 


For more details and other information 
please write to: 


George A. Philbrick Researches, Inc. 


230 Congress Street, Boston 10, Massachusetts 
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from start to finish would not also be able 
to attack the same material in the more 


conventional form. As for the graduate 


student studying the theory of metals and 
alloys, there is no doubt that another book 
by the same author (‘Atomic Theory for 
Students of Metallurgy,” The Institute of 
Metals, 1952), which covers essentially the 
same subject matter in conventional 
text-book form, would be a far more useful 
volume. Nevertheless, the present book 
may provide one who has already been 
exposed to the subject matter with a 
pleasant way to review the material and to 
increase his physical insight into the 
principles of quantum theory. 

A. 8. Nowick 


Nuclear and Radiochemistry. Gerhart Fried- 
lander and Joseph W. Kennedy. John Wiley 
and Sons, Inc., New York (1955). 468 pages. 
$7.50. 


This book is a new, revised edition of the 
widely used Introduction to Radiochemistry, 
written primarily as a text book of a 
graduate or senior undergraduate course 
in radiochemistry. The book is divided 
into thirteen chapters. It begins with a 
general survey of radioactivity, nuclear 
structure, and the elementary principles 
and methods for studying nuclear reactions. 
The rate equations of radioactive trans- 
formations are then derived and applied 
to a number of problems. This section is 
followed by an elementary but instructive 
survey of nuclear states and the related 
radioactive processes and a discussion of 
the interaction of radiation with matter 
with many useful applications. The theory 
and methods for the detection and measure- 
ment of radiation are then taken up in the 
three consecutive chapters. A brief but 
well-written review of radioactivity applied 
to chemistry is given in Chapter 11. Two 
new chapters have been added to this 
edition: Chapter 12 gives a survey of the 
design and operation of nuclear reactors, 
and Chapter 13 contains a stimulating 
discussion on some cosmic problems, viz., 
the production of energy in stars, cosmic 
rays, geo- and cosmochronology, and the 
genesis of the elements. 

The effectiveness of presentation and 
the clarity of discussion which characterized 
the earlier edition is maintained in the 
present book. The list of references at the 
end of each chapter has been revised and 
expanded. An up-to-date table of nuclides 
is given in Appendix G. The isotopic 
masses listed in this table should be very 
useful and convenient for computations 
regarding nuclear reactions. Answers to 
most of the exercises are given. These 
exercises are, often as instructive as the 
text itself and were included by the authors 
as an integral part of the course. Undoubt- 
edly, Nuclear and Radiochemistry will 
continue to be the most widely used text 
book of introductory radiochemistry for 
many years to come. 


J. H. Wane 


Thermodynamics from the Classic and General- 
ized Standpoints. Joseph Louis Finck. Bookman 
Associates, New York (1955). 224 pages. $7.50. 
® This book is of interest to advanced 
students and those engaged in research in 
thermodynamics and applied fields. It is 
clearly written, well organized, and does not 
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Consultants 
to the 
Atomic Industry | 


We are prepared to design 
your research or test reac- 
tor or help you: 


Prepare specifications for nu- 
clear units 


Review designs proposed to you 


Make hazards studies 


Design radiation shielding 


Design waste handling facilities 


Design fuel handling facilities 


Design irradiation facilities 


Design nuclear instrumentation 


Prepare requests for AEC ap- 
proval of design plans 


Prepare operating manuals for 
nuclear installations 


Start-up testing of nuclear 
equipment at the completion of 
construction 


Test or develop designs in our 
own laboratory 


We'll be happy 
to discuss any 
of these or other 
related services 
with you. 


WALTER KIDDE 
NUCLEAR LABORATORIES, 
INC. 


975 Stewart Ave., Garden City, N. Y. 
Telephone Ploneer 1-4350 


Integrated Science 
and Engineering 
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contain any difficult mathematics. The 
result of the author’s own work in the 
field, which has extended over many years, 
the book represents an attempt to extend 
the range of applicability of thermo- 
dynamics particularly to include metastable 
states. 

The first part of this two-part book is 
devoted to classic thermodynamics, of 
which the treatment is excellent. It covers, 
with emphasis on its difficulties and limi- 
tations, the most important concepts in 
the field, such as the equation of state; the 
law of conservation of energy; temperature; 
entropy; the Kelvin-Planck and Clausius 
principles; and the general thermodynamic 
system of Gibbs. 

The second part is a presentation of 
generalized thermodynamics. The author’s 
basic postulate is that a thermodynamic 
system has more degrees of freedom than 
are usually assigned; by virtue of this 
metastable states may be incorporated into 
the equation of state, enlarging the scope 
of this equation and the scope of thermo- 
dynamics. Agreement of the generalized 
point of view with the laws of conservation 
of energy and the Kelvin-Planck and 
Clausius principles is demonstrated and is 
followed by a discussion of systems in 
which energy is dissipated, of systems in 
which energy changes occur under equi- 
librium and nonequilibrium conditions, 
and of phenomena at low temperature and 
absolute zero. 


A discussion of the potential character | 


of entropy leads to the conclusion that 
entropy is not a function of state in a 
system of more than two independent 
variables and that this demands new 
criteria of equilibrium and_ stability of 
systems. Near the end of the book the 


enthalpy and latent heat are calculated for | 


ammonia and water from an_ explicit 
equation by use of pressure, volume, and 
temperature as the independent variables. 
The agreement is excellent for ammonia 
and good for water. 
The author is to be complimented for a 
thought-provoking work. 
Howarp LirrMan 


Reader Reaction 
HEAT TRANSFER 


The introductory paragraph of the article 
“Heat Transfer to Water in an Annulus” by 
Miller, Byrnes, and Benforado, published in 
the December issue of the Journal, contains 
a statement which I fear might mislead 
someone into repeating old research. The 
statement that “‘. . . literature contains only 
a limited amount of data for annular flow 
heat transfer .. .’’ seems hardly appropriate 
to me when the proper paragraph in 
“Perry” [J. H. Perry, ‘“Chemical Engineers’ 
Handbook,’”’ McGraw-Hill Book Company, 
Inc., New York] lists about nine articles, in 
the bibliographies of which will be found at 
least thirty other references to similar work. 

The general tone of these articles parallels 
the conclusions reported in this article, to 
the effect that the conventional equation 
underpredicts the coefficient, but further 
research would show that the divergence is 
not neatly relatable to any physical di- 
mension. 


ALAN S. Foust | 


BETHLEHEM, PENNSYLVANIA 
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ASTRA 


(ADVANCED SCIENTIFIC TECHNIQUES RESEARCH ASSOCIATES) 
OFFERS SERVICES IN 


Reactor Physics & Engineering 
AND 
OTHER PHASES OF NUCLEAR TECHNOLOGY 
Employment Opportunities 
ASTRA, 232 Melba Street (P. O. Box No. 163), 
Milford Connecticut. Tel.-TRinity 8-2202 


WRITE FOR FREE NUCLEAR TECHNOLOGY BULLETIN 


the most modern 
package of weight 
sets ever offered 

Every lab can now have their weights in a 
shrink-proof, reinforced plastic, hinge-covered 


case. 
WEIGHT SE { S Modern, functional design affords sure, easy 
grasping. 


AVAILABLE IN BUREAU OF STANDARDS 
CLASSES C-Q-P 


for complete 
information write for 


A SCALE CORPORATION 
FREE bulletin...... 1050 COMMERCE AVE. 
UNION, NEW JERSEY 
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ENGINEER 


RESEARCH 
DEVELOPMENT 
PROCESS 
METALLURGICAL 


NOW YOU CAN 
HANDLE CORROSIVES 
AT TEMPERATURES 


UP TO 5100°F wr 


Graph-t 


“Graph-I- ‘‘Graph-I- 
Tite’’ Tite’ G 


Apparent Density (Ibs /ft3) 118 115 
Tensile Strength (PSI) 2600 2500 
Compressive Strength (PSI) 9000 $500 
Transverse Strength (PSI) 4800 4400 
Modulus of Elasticity (x 105) 21 18 


Thermal Expansion 
(In/in/°F x 10-7) 


Electrical Resistance 
(ohm-inches) 00042 .00035 


Thermal Conductivity 
{BTU /sq. ft/°F/hr/in) 1000 


5700°F 


PROPERTIES 


Max. Temperature Resistance 1300°F 


GRAPH-I-TITE is a carbon-im- 
pregnated graphite. It is im- 
permeable ...non-wettable... 
non-contaminating . . . unaffected 
by thermal shock...Can be formed 
into pipe,cylinders,crucibles, molds, 
nozzles, and special shapes . . . Is 
immune to even the attack of dry 
chlorine at temperatures of 5000° F. 
... will provide rocket nozzle in- 
serts of low erosion rates ... may be 
produced sufficiently pure for use 
in atomic piles for transfer of fluids 
or heat and as a moderator. 


Also, custom formulated graphite 
can be produced to meet your spe- 
cial purity, density, or other speci- 
fications. Extrusion, molding and 
machining facilities are available for 
one piece or high production runs. 


Don’t let old-fashioned materials 
restrict your thinking. Write today 
for additional information, and 
engineering heip, if desired. 


GRAPHITE SPECIALTIES CORP. 


64th STREET AND PINE AVENUE 
NIAGARA FALLS, N. Y. 


Page 22J 


A.1.Ch.E. 
JOURNAL 
INDEX OF 

ADVERTISERS 


Bowen Engineering, Inc 

Consolidated Electrodynamics Corp 
Curtiss-Wright Corp. ; 

Eimco Corp., The 

Falls Industries Inc 

Foote Mineral Co 

General Electric Co 

Graphite Specialities Corp 

Harshaw Chemical Co., The 

Hevi Duty Electric Co 

Kidde Nuclear Laboratories, Inc., Walter. 20J 
Minerals & Chemicals Corp. of America.. 9J 
Mixing Equipment Co., Inc Back Cover 
Norton Co., Refractories Div 


Ohaus Scale Co 


Philbrick Researches, Inc., George A..... 
Phoenix Precision Instrument Co 

Radio Corp. of America 

Tracerlab, Inc 


York Process Equipment Corp.. Inside Back Cover 


Advertising Offices 


New York 36—Lansing T. Dupree, Adv. Mgr.; 
John M. Gaede, Asst. Adv. Mgr.; Paul A. 
Jolcuvar, Dist. Mgr.; Donald J. Stroop, Dist. 

gr.; 25 W. 45th St., Columbus 5-7330. 


Chicago 11—Richard R. Quinn, Dist. Mgr., 612 
North Michigan Ave., Room 507, Superior 
7-0385. 


Cleveland 15—Eugene B. Pritchard, Dist. Mgr., 
1836 Euclid Ave., Superior 1-3315. 


Pasadena 1—Richard P. McKey, Dist. Mgr., 465 
East Union St., Ryan 1-8779. 


- Dallas 28—Richard E. Hoierman, 2831 El Capi- 
tan Drive, DA7-3630. 


A.1.Ch.E. Journal 


C. E. P. 
Monograph 


1. Reaction Kinetics by Olaf A. 


Hougen 
(74 $2.25 to members, 
$3.00 to nonmembers) 


2. Atomization and Spray Dry- 


ing by W. R. Marshall, Jr. 
(122 25 to members, 
$4.25 to nonmembers) 


Symposium 
Series 


Ultrasonics—two symposia 
(87 pages; $2.00 to members; 
$2.75 to nonmembers) 


Phase-Equilibria—Pittsburgh 


and Houston 
(138 pages; erg to members; 
$4.75 to nonmembers) 
Phase-Equilibria—Minne- 


apolis and Columbus 
(122 pages: $3.75 to members, 
$4.75 to nonmembers) 
Reaction Kinetics and Trans- 


fer Processes 
(125 pages; yr 75 to members, 
$4.75 to nonmembers) 
Heat Transfer—Atlantic City 
(162 pages; $3.25 to members, 
$4.25 to nonmembers) 


Phase-Equilibria—Collected 


Research Papers for 1953 
(113 25 to members, 
$4.25 to nonmembers) 

Applied 
: (163 pages; $3.25 to members, 
$4.25 to nonmembers) 

Communications 

(57 pages; . 00 to members, 
$1.50 to nonmembers) 

Heat Transfer—Research 


Studies for 1954 
(67 pages; $1.50 to members, 
$2.25 to nonmembers) 
Collected Research Papers— 


for Spring 1954 
(142 bbages; $3.25 to members, 
$4.25 to nonmembers) 


Nuclear Engineering— 
Part | 


(280 pages; ae 25 to members, 
$4.25 to nonmembers) 


Nuclear Engineering— 


Part Il 
(259 25 to members, 
$4.25 to nonmembers) 
Nuclear 
Part Ill 


(274 pages; to members, 
$4.25 to nonmembers) 


lon Exchange 
(121 pages; $3.25 to members, 
$4.25 to nonmembers) 


Mineral Engineering 
Techniques 


(96 pages; $2.50 to members, 
$3.75 to nonmembers) 


Mass Transfer—Transport 


Properties 
(125 pages; $3.25 to members, 
$4.25 to nonmembers) 


17. Heat Transfer—St. Louis 
(109 pages; $3.25 to members, 
$4.25 to nonmembers) 


American Institute of Chemical Engineers 
25 West 45 Street, New York 36, New York 


June, 1956 


| 
| 
| 
| | 
‘ | 
| 
| 
| | 
| 
| | 
| 
| | | 2. eee 
| 
| | 3. 
| 
| 
| | 6. Ee 
| 20) | 
| | 8. 
| 63, 73 
| | 9. 
| 12 | 
| 
| | 
| | 
| 
| 12. 
| | 13. 
| 
| | 
| | 
| 
| 
| 
| 


A. 
bers, 
bers) 
ry- | 
Jr. 
bers, 
bers) 
ia 
bers; 
bers) 
rgh 
bers; 
bers) 
bers, 
ns- 
bers, 
ers) 
ity 
ers, 
vers) | 
ed 
53 
ers, 
ers) 
ers, 
ers) 
ers, 
ers) 
ers, 
ers) 
ers, 
ers) | 
ers, 
ers) 
ers, 
ers, 
rs) 
Ts) 
ars, 
Ts) 
TS, 
ts) 
rs, 
ts) 
rs 
ork 
56 


